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    ABSTRACT 

 

Colorectal Cancer (CRC) is considered one of the most aggressive cancers and 

causes the second most cancer-related deaths in Australia. Chemotherapy is the 

standard first-line treatment for stage three or metastatic cancer. It is given as a 

combination of two or more chemotherapeutic drugs with other medications by 

themselves or with radiation. Oxaliplatin (OXL) and Irinotecan (IRI) are the most 

common chemotherapy medications used in the clinical setting for CRC treatment. 

Regardless of the success rate of reducing disease progression and increasing 

survival, these drugs cause acute and chronic toxicities that lead to immediate and 

long-term adverse effects. Most medications currently in clinical use to alleviate the 

gastrointestinal side-effects of anti-cancer chemotherapy cause adverse effects 

and, in many cases, are of limited efficacy; therefore, searching for novel targets 

and therapies is crucial.  

 

Apurinic/apyrimidinic endonuclease 1/ Reduction-oxidation factor-1 (APE1/Ref-1), 

is the recent therapeutic target that addresses both oxidative stress damage and 

DNA repair damage due to pathological condition of cancer. APE1/Ref-1 functions 

as a dual-functioning molecule containing a redox-active site and a DNA repair 

active site. The redox-active site of the protein mainly regulates cellular antioxidant 

response while the DNA repair active site is highly attuned to cell survival and 

preventing apoptosis. Therefore, we hypothesised that APE1/Ref-1’s capacity in 

regulating DNA repair pathway potentially leads to alleviating the damage to the 

enteric nervous system (ENS) that causes gastrointestinal (GI) dysfunction. 

APX3330, a small molecular inhibitor of APE1/Ref-1, was used in this study. A 

murine model with and without CRC was subjected 1) to investigate the efficacy of 

APX3330 treatment given in combination with IRI and OXL to alleviate neuronal 

toxicity associated with these chemotherapeutics, and 2) to assess the anti-tumour 

efficacy of combination treatment compared to treatment with individual 

chemotherapeutics. Assessment of body weights, faecal water content, and 

quantification of faecal lipocalin-2 were performed as a part of the evaluation of 
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clinical parameters. Ex vivo experiments to study morphological, immunological, 

and molecular mechanistic parameters were also utilised to address those aims. 

This thesis aimed to identify novel therapeutic targets to alleviate ENS neuropathy 

due to the side-effects of Irinotecan and Oxaliplatin treatments and examine the 

neuroprotective and anti-tumour efficacy of APX3330 for CRC, which has not been 

explored yet.    

 

Based on our research findings, it is fair to conclude that the mechanisms 

underlying chemotherapy-induced gastrointestinal dysfunction arise because of 

complex and multifaceted mechanisms. Importantly, our research presented for the 

first time APX3330 showed enhanced enteric neuronal survival and improved GI 

function following Oxaliplatin and Irinotecan treatment. APX3330 treatment reduced 

the severity of constipation following Oxaliplatin treatment and alleviated Irinotecan-

induced diarrhoea. Furthermore, results show that the impediment of the APE1/Ref-

1 redox signalling pathway alleviated myenteric neuronal damage and it exhibited 

anti-tumour properties that aid in attenuating tumours and diminishing tumour 

metastasis.  

 

This thesis has demonstrated that individual administration of Oxaliplatin and 

Irinotecan caused neuronal damage and substantial reduction of myenteric neurons 

in the distal colon, significantly correlated with gastrointestinal dysfunction. While 

the effects of combination chemotherapeutic treatments on the enteric nervous 

system have yet to be further investigated, present work on using APX3330 

combined with Oxaliplatin and Irinotecan to treat CRC successfully provides the 

groundwork for investigating consequent enteric neuronal survival and improved 

gastrointestinal dysfunction. Future research needs to be conducted to determine 

the molecular level interactions and possible regulatory pathways to better 

understand the subcellular interactions of the treatment agents and other proteins. 

Our research and previous findings show that pharmacologically protecting enteric 

neurons holds a robust future direction to alleviate chemotherapy-induced enteric 

neuropathy and gastrointestinal dysfunction.       
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1.1 Colorectal Cancer  

 

Colorectal Cancer (CRC) is one of the most common cancers and is the third most 

common cause of cancer-related deaths in Australia. According to recent statistics, 

15,540 Australians are diagnosed with bowel cancer annually, including 1542 

individuals under the age of 50 (Bowel Cancer Australia, 2021). Bowel cancer-

related fatality tolls 5,295 Australian lives every year, including 292 individuals 

under the age of 50 (Bowel Cancer Australia, 2021). Age, gender, and race/ethnicity 

are the most common epidemiological factors associated with colorectal cancer 

(Haggar and Boushey, 2009, Amersi et al., 2005). CRC tends to have a higher 

incidence rate in westernised countries, indicating geographic variations (Haggar 

and Boushey, 2009, Boyle and Langman, 2000). Obesity, smoking, nutritional 

practices, physical activity, inherited genetics, heavy alcohol consumption, 

inflammatory bowel disease, and familial history of adenomatous polyps are 

primary risk factors for CRC (Haggar and Boushey, 2009, Centre et al., 2009). Since 

the early stages of CRC are often asymptomatic, in most cases, it is diagnosed at 

the advanced stages. Hence the five-year survival expectancy is less than 10 

percent (Bowel Cancerr Australia, 2020). Weight loss, altered bowel habits, rectal 

bleeding, unexplained extreme tiredness, lump or swelling in the abdomen, and 

abdominal pain commonly occur in the later stages of the disease progression 

(Adelstein et al., 2011, Cappell, 2005). Surgical resection is the most common 

treatment approach for the early stages of CRC, including stage I and stage II. 

Chemotherapy is the standard first-line treatment for stage III or metastatic cancer. 

It is given as a combination of two or more chemotherapeutic drugs or with radiation 

for rectal cancer (Johnston et al., 2012, Chibaudel et al., 2012). Oxaliplatin (OLX), 

Irinotecan (IRI), and 5-fluorouracil (5-FU) are the most common chemotherapy 

medications that are used in the clinical setting for CRC treatment (Wang and Li, 

2012, Sharif et al., 2008, Marschner et al., 2015). 

 

1.2  Multimodality Treatment Approaches for Colorectal Cancer  
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Therapeutic options for CRC depend on the location and the characteristics of the 

tumour. Around 65% of colon tumours are located further away from the splenic 

flexure that can be detectable via sigmoidoscopy, whereas 35% of primary tumours 

are found proximal to the sigmoid colon, which makes it indistinguishable from 

detection at the early stages (Martini et al., 2017, Church, 2005, McCallion et al., 

2001). Due to the ambiguity of the symptoms that distinguish CRC from other 

pathologies, only rectal bleeding, and weight loss can be considered the definitive 

symptoms of CRC (McCulloch et al., 2020, Adelstein et al., 2011, Oldie et al., 2010). 

As a result of poor prognosis, the 5-year survival rate for stage I and stage II CRC 

patients sit at 63%, whilst stage III and metastatic (stage IV) cancer patients’ 5-year 

survival rate drops down to less than 10% (Jiang et al., 2022, Jemal et al., 2008, 

Hagger and Boushey, 2009, Goldberg, 2005, Ries et al., 2008). Based on current 

treatment approaches, patients with chemotherapy-refractory colorectal liver 

metastasis have 4-6 months of survival, including optimum palliative care (Hong et 

al., 2020, Amado et al., 2008). Most CRC patients diagnosed after stage III mainly 

depend on the application of chemotherapeutics as the mainstay treatment 

(Dienstmann et al., 2017, Bockelman et al., 2015, Siegel et al., 2014). 

 

Surgical resectioning is a common therapeutic approach for CRC, and 

approximately two-thirds of patients undergo surgical resectioning followed by 

chemotherapy (McQuade et al., 2017, Scheer and Auer, 2009). Regrettably, cancer 

recurrence is as high as 90% in the first five years in 30-50% of the patients who 

undergo surgical resection (Van der Stok et al., 2017, Granados-Romero et al., 

2017, Bohm et al., 1993). Preoperative chemotherapeutics have shown improved 

outcomes that led to the development of several treatment regimens improving five-

year survival expectancy for locally resected stage III CRC (Favoriti et al., 2016, 

Souglakos et al., 2006, Haller, 2000). The structure of the treatment has changed 

in recent years along with multi-agent regimens instated of administering singular 

cytotoxic agents (Spiegel et al., 2020, Jalaeikhoo et al., 2019, Markovina et al., 

2017, Casadaban et al., 2016). Current chemotherapeutic approaches focussing 

on administering a combination of plant alkaloids, platinum agents, and antibiotics 

to adjuvant and neoadjuvant before chemotherapy treatment have shown 
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successful results in improving colorectal cancer patients’ 5–10-year survival 

expectancy (Manjelievskaia et al., 2017, Al-Hajeili et al., 2016). This demonstrates 

the importance of ongoing research in developing new treatment approaches for 

CRC (Shiao et al., 2020, Cassidy et al., 2017, Bradley et al., 2016, Cassidy et al., 

2004, Haller et al., 2011, De Gramont et al., 2000, Grothey et al., 2004, Douillard et 

al., 2000, Saltz et al., 2000).  

                   

1.2.1 Chemotherapeutics for the Treatment of CRC That Will be Used in This 

Study 

 

1.2.1.1 Oxaliplatin  

 

The incidental discovery of biologically active platinum complexes in the early 1960s 

(Rosenberg et al., 1965) triggered a rejuvenation of thousands of platinum 

analogues as a chemotherapeutic medication (Kelland, 2007). Consequently, 

platinum-based chemotherapeutics such as Cisplatin and Oxaliplatin are now being 

used in the clinical setting to treat a broad range of cancers, including CRC. 

Cisplatin and carboplatin are the first- and second-generation platinum-based 

chemotherapeutics used to treat a wide range of malignant diseases (McQuade et 

al., 2017, Cortejoso et al., 2013, Ali et al., 2013, Kelland, 2007). Oxaliplatin 

(C8H14N2O4Pt) is a third-generation platinum-based chemotherapeutic medication 

used in clinical settings for stage III and metastatic CRC as a single agent or as a 

combination therapy with 5-FU (Carlsen et al., 2021, Gu et al., 2019, Stintzing, 

2014). The primary mechanism of action of platinum-based agents is the formation 

of platinum-based adducts resulting in intra and inter-strand crosslinks at the DNA 

level, leading to disruption of the DNA transcription as well as DNA replication 

processes (Chen et al., 2019, Cortejoso et al., 2013, Fuertes et al., 2003, Jamieson 

and Lippard, 1999, Noll et al., 2006). This triggers the halting of the mitotic cell cycle 

and stimulates the cell death of newly dividing cells via apoptosis (Goodisman et 

al., 2006, Graham et al., 2000). These platinum adducts cause deformities in DNA 

strands that are recognised by several cellular proteins, including the proteins 
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involved in the DNA repair pathways of the cell (Chaney et al., 2004) and they 

usually lead to the activation of cytotoxic pathways, resulting in apoptosis (Guo et 

al., 2015, Gaur et al., 2014, Eastman, 1989). Moreover, the exact path of apoptosis 

triggered by platinum-based chemotherapeutics remains unclear (Kelland, 2007). 

Recent studies suggest several pathways that lead the cancer cells to apoptotic 

death via ribosomal biogenesis stress (Sutton and DeRose, 2021), induction of 

immunogenic cell death (ICD), via modulation of the tumour immune 

microenvironment (Zhu et al., 2020), or as a result of anti-tumour immunity (Park et 

al., 2019).  

 

Oxaliplatin is currently used in the clinical setting as the first line of treatment 

for metastatic CRC (Abraham et al., 2021, Innominato et al., 2021, Landre et al., 

2018, Petrioli et al., 2008, De Gramont et al., 2000). When used at clinically 

recommended doses, Oxaliplatin causes less damage to renal, haematologic, and 

auditory systems compared to other platinum-based chemotherapeutics such as 

cisplatin and carboplatin (Um et al., 2019, Oun et al., 2018, Raymond et al., 1998). 

Oxaliplatin seems to cause a significantly different pattern of side-effects compared 

to carboplatin and cisplatin, distinguishing it from the rest of the platinum-based 

chemotherapeutics (Um et al., 2019, Oun et al., 2018). Patients have reported 

Oxaliplatin-related side-effects including gastrointestinal toxicity, peripheral sensory 

neuropathy, and hematologic toxicity (Branca et al., 2021, Drott et al., 2019, 

McQuade et al., 2016, Cassidy and Misset, 2002). Oxaliplatin has been reported 

significantly improve the efficacy of treatment against many tumours resistant to 

other chemotherapeutic medications (Louvet et al., 2002, Machover et al., 1996). 

Since then, several studies have been conducted to evaluate the efficacy of 

Oxaliplatin as a first-line and second-line treatment in combination with 5-

Fluorouracil and Leucovorin for CRC, thus, discovering the more significant 

therapeutic potential of Oxaliplatin in combination with other medications as an anti-

cancer medication (Abraham et al., 2021, Innominato et al., 2021, Landre et al., 

2018, Andre et al., 2004, Machover et al., 1996, Levi et al., 1993, Giacchetti et al., 

2000). The therapeutic potential of Oxaliplatin in combination treatments sheds light 

on novel therapeutic pathways that allow patients to undergo secondary surgeries 
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following chemotherapy regimens as curative surgeries (Wang et al., 2019, Cercek, 

et al., 2014, Oechsle et al., 2011).     

 

1.2.1.2 Irinotecan 

 

Twenty-eight years ago, Irinotecan was approved as a cytotoxic medication for the 

treatment of cancer in Japan (Bailly, 2019). Since then, Irinotecan has been used 

for the treatment of solid tumours worldwide for more than two decades. Irinotecan 

is the semi-synthetic version of naturally occurring quinoline alkaloid camptothecin 

(Martino et al., 2017, Xu and Villalona-Calero, 2002). Irinotecan (C33H38N4O6) 

exerts its anti-tumour efficacy by inhibiting DNA topoisomerase (Mastrangelo et al., 

2022, Dickens and Ahmed, 2018). Its active metabolite, SN-38, induces irreversible 

DNA damage to tumour cells and causes cell death (Lee et al., 2019, Shin et al., 

2016). Topoisomerase I is an essential component in DNA transcription that 

modulates its action via cutting, relaxing, and reannealing DNA strands 

(Mastrangelo et al., 2022). Irinotecan’s active metabolite SN-38 binds to 

topoisomerase I and forms a stable trinary structure that prevents DNA binding 

activity, thus promoting DNA damage, ultimately leading to apoptosis (Dickens and 

Ahmed, 2018).  Irinotecan induces in a conversion from single-strand breaks into 

double-strand breaks during the s-phase of the cell cycle due to the collapse of the 

replication fork halted by Irinotecan’s active metabolite SN-38 and DNA (Dickens 

and Ahmed, 2018, Pommier et al.,2003, Grivicich et al., 2001). The recent discovery 

of Irinotecan’s mechanism of action that targets FUBP1 protein involved in binding 

single-strand DNA aids in understanding and better managing the main limiting 

toxicities of the treatment (Bailly, 2019). During phase II clinical trials conducted in 

the late 1990s to investigate the overall benefit of Irinotecan as a second-line 

treatment for patients who have been treated with 5-FU therapy, Irinotecan showed 

positive results by prolonging survival compared to patients who receive palliative 

care (Jia et al., 2019, Cascinu et al., 2017, Passardi et al., 2015, Cunningham et 

al., 1998).  Patients with stage IV CRC have a poor survival rate with a less than 

6% chance of a five-year survival rate (Cassidy et al., 2008, Colucci et al., 2005, 
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Tournigand et al., 2004). The treatment for unresectable tumours for advanced-

stage CRC is using a combination of 5-FU with leucovorin that increases the 

survival from approximately 6-12 months. Researchers have found that the addition 

of Irinotecan (FOLFIRI) and Oxaliplatin (FOLFOX) prolongs survival by 

approximately 20 months (Tournigand et al., 2004). Numerous research has shown 

successful outcomes for the treatment of advanced-stage cancers when using 

combination treatments that target different aspects of cancer that inhibit the 

molecular level progression of cancer rather than using single-agent cancer 

treatments. Alternative treatment regimens with Irinotecan and Oxaliplatin with 

other chemotherapeutics have shown less toxicity for the patients when used in an 

alternative schedule even when the patients are exposed to 100% doses (Koopman 

et al., 2007).   

 

1.3 Common Gastrointestinal Side-Effects of Chemotherapy  

 

Regardless of the successful reduction of the disease progression and increasing 

the survival rate, these medications cause acute and chronic toxicities that lead to 

immediate and long-term adverse effects (Axelrad et al., 2017, McQuade et al., 

2016, Keefe et al., 2014). Eighty to ninety percent of the patients have experienced 

diarrhoea, constipation, nausea, vomiting, and oral mucositis as side-effects of 

standard first-line chemotherapeutic drugs that are in the clinical setting (McQuade 

et al., 2016b, McQuade et al., 2016a, Keefe et al., 2014, Andreyev et al., 2014). 

These side-effects cause severe dehydration and malnutrition, resulting in 

significant weight loss and a weakened immune system (Bossi et al., 2021, 

Nishikawa et al., 2021, Andreyev et al., 2014, Aprile et al., 2015). Intestinal 

inflammation, bowel wall thickening, ulceration in the bowel wall, and bowel 

perforation are the complications of chemotherapy side-effects (Reginelli et al., 

2021, Gray et al., 2016, Lecarpentier et al., 2010). These side-effects lead to the 

reduction of the dose of the chemotherapeutics to limit the adverse side-effects, 

potentially lowering the efficacy of the treatment (McQuade et al., 2016, Arbuckle 

et al., 2000). Diarrhoea and constipation are the most common gastrointestinal side-
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effects of chemotherapeutic drugs (Moschen et al., 2022, Anthony and Chauhan, 

2018). Up to 14-49% of cancer survivors have experienced post-treatment 

diarrhoea and, in some cases, the side effects lasted more than ten years (Han et 

al., 2020, Miller et al., 2019, Delinger et al., 2009). These side-effects cause a 

considerable negative impact on the quality of life of the patients and the carers. 

The drugs that are targeted the gastrointestinal (GI) side-effects of 

chemotherapeutic drugs have their own adverse effects, and, therefore, the efficacy 

of the treatment is being compromised (Kroschinsky et al., 2017, Banerjee et al., 

2017, Kwon, 2016, Feyer et al., 2011). Hence, novel treatments and therapeutic 

targets are crucial for later-stage aggressive cancers such as CRC.  

 

1.3.1 Oxaliplatin-Induced Side-Effects   

 

Recent literature supports that platinum-based agents are more susceptible to 

gastrointestinal side-effects, with up to 90% of patients experiencing vomiting, 

diarrhoea, and/or nausea throughout the treatment (Abu-Sbeih et al., 2020, Breen 

et al., 2020, Oun et al., 2018, Sharma et al., 2005). Even though combination 

regimes such as FOLFOX with 5-fluorouracil, leucovorin, and oxaliplatin reported 

successful outcomes for dose tolerance for a longer duration, they have a high 

incident rate of chronic constipation and treatment-related death making it harder 

to use the platinum-based chemotherapeutics even for combination therapy 

(Souglakos et al., 2006). Chemotherapy-related gastrointestinal side effects can 

last up to 10 years after the cessation of the treatment (Denlinger and Barsevick, 

2009, Di Fiore and Van, 2009, Grabenbauer et al., 2016). The main side effect 

related to platinum-based chemotherapeutics is peripheral neuropathy developed 

during acute and chronic administration (Mauri et al., 2020, Ranieri et al., 2019, 

Zajaczkowska et al., 2019, Staff et al., 2017, Zedan et al., 2014, Evans et al., 2000, 

Bennett et al., 1996). Cisplatin treatments cause peripheral neuropathy in the long 

term, even after the cessation of the treatment, and some of these cases are 

irreversible considering the damage that has occurred (Starobova et al., 2017, 

Brewer et al., 2016, Dar et al., 1995, Bennett et al., 1996, Sidorenko et al., 2007). 
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Oxaliplatin also causes peripheral neuropathy, but in contrast to other 

chemotherapeutics, Oxaliplatin causes acute and irreversible neurotoxicity (Mauri 

et al., 2020, Ranieri et al., 2019, Tanioka et al., 2019, Reddy et al., 2016) manifested 

as pain, and increased sensitivity to cold (Wasilewski and Mohile, 2021, Cavaletti 

and Marmiroli, 2020, Campalans et al., 2005, Dianova et al., 2001, Ranalli et al., 

2002, Dar et al., 1995).  

 

1.3.1.1 Oxaliplatin-Induced Constipation   

 

 

Constipation is considered a frequent chemotherapy-related complication in 

advanced CRC patients, yet overseen in many instances (Podolski and Gucalp, 

2021, Bertaut et al., 2021, Avci et al., 2020, Fox et al., 2017, Mancini and Bruera, 

1998). Based on the nature of the individual experience of constipation, it is 

challenging to set definitive guidelines to explain constipation. The broadly 

accepted method is a mixture of increased stool consistency accompanied by 

reduced frequency of bowel action (Conolly and Larkin, 2012). It was found that 50-

78% of advanced cancer patients experience constipation as a common side-effect 

of chemotherapy (Abernethy et al., 2009). Other studies report that approximately 

16% of patients who receive cytotoxic chemotherapy experience constipation as a 

common side-effect, with 5 having severe symptoms and 11% experiencing 

moderate symptoms following treatments (Yamagishi et al., 2009, Anthony, 2010).  

 

Even though chemotherapy-induced constipation is a relatively common 

occurrence in patients who receive chemotherapeutics such as Oxaliplatin (Donald 

et al., 2017, Zimmerman et al., 2016) minimal studies have been done regarding 

the mechanisms underlying chemotherapy-induced constipation (CIC) (Belsky et 

al., 2021, Zajaczkowska et al., 2019). Medications such as anti-emetics prescribed 

for nausea and vomiting, and opioids given for pain, also induce constipation, and 

it is misunderstood as chemotherapy-induced constipation since those medications 

are also given relatively at the same time as chemotherapy (Gibson and Keefe, 
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2006). It is difficult to draw a conclusion inclusive of all chemotherapy-induced 

constipation due to the lack of data regarding the prevalence and severity of 

chemotherapy-related constipation but to discuss induvial chemotherapeutics and 

their susceptibility to inducing the symptoms. Recent research has focused on 

specific chemotherapeutics such as cisplatin, thalidomide, vinorelbine, and 

vinblastine that definitively induce CIC in up to 80-90% of patients and are used as 

guidance to assess the symptoms induced by other chemotherapeutics (Podolski 

and Gucalp, 2021, Belsky et al., 2020, Ghobrial and Rajkumar, 2003). 

 

Since constipation is relatively manageable compared to uncontrollable 

diarrhoea, another side effect of chemotherapy, it is not given critical clinical 

importance until it causes physical risks to the patient or affects the patient’s quality 

of life. Constipation causes several symptoms such as having lumpy or hard stools, 

reduced bowel emptying dropping below three times a week, straining to empty the 

bowels, feeling of blockage in the rectum that prevents from emptying the bowels, 

sensation of the inability to completely empty the stools from the rectum (Forootan 

et al., 2018). Patients usually experience abdominal distention and a severe, abrupt 

episode of abdominal pain because of prolonged constipation (Falcon et al., 2016). 

Rectal tearing, rectal fissures, and haemorrhoids are also caused by passing hard, 

dry stool (Walke and Sakharkar, 2021, Leung et al., 2011). Untreated longstanding 

constipation can lead to a severe form of constipation called obstipation, and the 

patient could face serious consequences such as faecal impaction and bowel 

obstruction (Walke and Sakharkar, 2021, Leuong et al., 2011). Faecal impactation 

accumulates a mass of stool that obstructs the colon and gradually starts to 

increase intraluminal pressure that leads to ischemic necrosis of the mucosa and 

inflicting pain in the lower abdomen, bleeding, and bowel perforation (Walke and 

Sakharkar, 2021). It is common in elderly patients that faecal impactation causes 

urinary incontinence that usually requires medical intervention (Guinane and Crone, 

2018, MacDonald et al., 2002). Constipation can also cause rapid onset of nausea 

that occurs with or without vomiting, confusion, liver pain, pain in the intraperitoneal 

region of the abdominal cavity, intestinal blockage leading to the malfunctioning GI 

tract, and inadequate to absorb oral drugs (Leslie, 2019, Mancini and Bruera, 1998) 
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including chemotherapy medications, having a massive impact on the tolerability 

and the efficacy of the treatments (Gupta et al., 2021). Several studies report that 

self-reported constipation and functional constipation have a significant effect on 

the patient’s quality of life (Dennison et al., 2005, Talley, 2003). Recent research 

conducted to evaluate the therapeutic potential of resveratrol in combination of 

Oxaliplatin has found that Oxaliplatin caused significant changes to the myenteric 

neurons, decreased GI muscle wall thickness, and increased damage to the 

mucosal lining that led to GI motor dysfunction due to decreased amplitude of 

colonic muscle contractions resulted in severe constipation (Donald et al., 2017). 

The research conducted by McQuade et al., 2016, suggests that chemotherapy-

induced CID and CIC arise as a result of a multifactorial involvement of GI 

dysmotility, alterations in GI innervation, inflammation, and secretory dysfunction. 

Current treatment approaches target reducing the severity of the symptoms rather 

than addressing the pathophysiological dysfunctions that cause the symptoms. 

Despite the debilitating impacts experienced by cancer-suffers who are receiving 

chemotherapy due to acute and chronic severe constipation, minimal efforts have 

been undertaken to rationalise prevalence and underlying mechanisms.  

                            

1.3.1.2 Current Treatments for Oxaliplatin-Induced Constipation 

 

The management of constipation can be subdivided into general interventions and 

therapeutic measures. The general intervention approach incorporates increasing 

fluid intake and more dietary fibre intake, encouraging more physical exercise, and 

providing privacy, convenience, and comfort during defecation followed by the 

extermination of any medical factors that may contribute to constipation (Mancini 

and Bruera, 1998). Therapeutic approaches for CIC include the administration of 

both oral and/or rectal stimulants, emollients, bulk-forming, osmotic/saline, and 

lubricant laxatives (Connolly and Larkin, 2012). There are several categories of 

laxatives depending on the mechanism of action. Research conducted by McQuade 

et al., 2016, found that BGP-15 co-treatment alleviates the Oxaliplatin-induced 
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neuronal loss as well as mitigates the gastrointestinal dysfunction induced by 

Oxaliplatin treatment (McQuade et al., 2016, McQuade et al., 2018).  

 

1.3.1 Irinotecan-Induced Gastrointestinal Side-Effects  

 

Nausea, vomiting, dyspnoea, cholinergic syndrome, constipation, and neutropenia 

are common Irinotecan-associated side-effects that cause severe Impacts on the 

quality of patients’ day-to-day lives (Badgett et al., 2017, Rougier et al., 1998, 

Cunningham et al., 1998). The major dose-limiting factor for Irinotecan treatment is 

diarrhoea. Approximately 60-80% of patients experienced acute diarrhoea within 24 

hours following Irinotecan administration (Okunaka et al., 2021, Gibson and Keefe, 

2006). Acute diarrhoea is believed to be caused primarily by increased secretion 

and is treated with atropine indicating the involvement of cholinergic nature (Ribeiro 

et al., 2016, Gibson and Stringer, 2009, Gibson et al., 2003). Approximately 80% of 

patients have experienced delayed onset of diarrhoea and it usually occurs within 

24-48 hours of Irinotecan administration (Baily, 2019, Ribeiro et al., 2016, Saliba et 

al., 1998). The delayed onset of diarrhoea is believed to be associated with the 

enzymic activity of β-glucuronidase found in intestinal microflora (Cheng et al., 

2019). In the lumen of the gastrointestinal tract, SN-38 glucuronide is catalysed by 

β-glucuronidase to form its active metabolite SN-38 believed to be contributed to 

delayed onset diarrhoea (Takasuna et al., 1998).   

 

1.3.2.1 Irinotecan-Induced Diarrhoea  

 

Generally, chemotherapy-induced diarrhoea (CID) has a significant impact on the 

morbidity and mortality of cancer patients, thus frequently underrecognized by its 

impact (Nurgali et al., 2018, Maroun et al., 2007). The dosage and the frequency of 

chemotherapy regimen administration play a vital part in the prevalence and 

severity of CID (Smith et al., 2020). A direct correlation between cumulative dose 

and the severity of CID was found, as well as a correlation between that high dose 
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chemotherapy regimens and increased susceptibility to CID (Smith et al., 2020, 

Verstappen et al., 2003). The occurrence of CID has been associated with several 

patient and treatment-related risk factors (Athauda et al., 2020). Age (>65), gender 

(female), genetic predisposition (Gilbert’s syndrome, Crigler-Najjar syndrome), 

biliary obstruction, and associated bowel pathology such as chronic inflammation 

or malabsorption are among the main patient-associated risk factors (Richardson 

and Dobish, 2007). Weekly chemotherapy schedule, prior history of CID, bolus 5-

FU and prior or concomitant radiotherapy are considered treatment-associated risk 

factors (Walder et al., 1998, Saltz et al., 2003, Dranitsaris et al., 2005). The 

treatment regimens containing Irinotecan and 5-FU are especially prone to induce 

diarrhoea and recent research has found that up to 80% of patients experienced 

CID following Irinotecan or 5-FU administration (Richardson and Dobish, 2007, 

Benson et al., 2004) with one-third of the patients experienced severe diarrhoea 

that had debilitating effects on their quality of life (Maroun et al., 2007).  

 

CID often results in dose reductions of chemotherapy (~22%), treatment 

alterations (~60%), treatment delays (~28%), and complete termination of the 

treatment in approximately 15% of patients resulting in debilitating effects on patient 

health and wellbeing as well as patient mortality (Seo at al., 2016, Dranistsaris et 

al., 2005, Arbuckle et al., 2000). Chemotherapy-related severe and persistent 

diarrhoea is often associated with malnutrition and dehydration commonly leading 

to significant weight loss (cachexia), renal failure, fatigue, perianal skin breakdown, 

and haemorrhoids (Fox et al., 2017, Seo et al., 2016, Shafi and Bresalier, 2010, 

Mitchel, 2006). Approximately 5% of patients who receive chemotherapy 

medications experience severe dehydration that can lead to early death 

(Rothenberg et al., 2001). Furthermore, chemotherapy-related gastrointestinal side-

effects also extend to intestinal inflammation, bowel wall thickening, and ulceration 

(Marin-Diez and Pozo, 2021, Kuebler et al., 2007a) causing life-threatening 

ramifications in patients (Srisajjakul et al., 2022, Stein et al., 2010, Benson et al., 

2004, Rothenberg et al., 2001). Researchers have found that for over 30% of CID 

sufferers, CID affects their quality of life including a significant impact on their 

mental and social lives (Stein et al., 2010). Persistent and uncontrollable CID has 
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led patients into social isolation, low self-esteem, anxiety, and depression (Viele, 

2003) emphasizing the importance of discovering novel therapeutic approaches 

that had minimal or no side effects (Carelle et al., 2002).     

                 

1.3.2.2 Current Treatments for Irinotecan-Induced Diarrhoea  

 

According to the National Cancer Institute’s common terminology criteria for 

adverse effects grading system, CID can be classified as complicated grade 3-4 

with one or more complicating signs or symptoms, uncomplicated grade 1-2 with no 

complications, early-onset occurs less than 24 hours after administration, late-onset 

occurs after 24 hours of administration, persistent if present for more than 4 weeks 

and non-persistent if present less than 4 weeks (Stein et al., 2010). Studies have 

shown that uncomplicated chemotherapy-induced diarrhoea can be managed by 

diet modification and anti-diarrhoeal medications such as octreotide, loperamide, 

and tincture of opium while complicated diarrhoea usually requires high-dose anti-

diarrhoeal medications and extensive care at a hospital (McQuade et al., 2014). In 

1998 the recommendations on the management of CID were published to provide 

guidelines for the evaluation and management of CID, and it has been updated in 

2004 after further evaluation (Ferrell and Coyle, 2006, Walder et al., 1998). 

Okunaka et al., 2021 conducted a study to evaluate the expression profile of 

Irinotecan-induced diarrhoea in patients with CRC. Irinotecan-induced delayed-

onset diarrhoea is treated with broad-spectrum antibiotics, neomycin which was 

found to reduce the β-glucuronidase levels to undetectable levels and decreasing 

the faecal SN-38 levels thus exhibiting no significant effect on haematological 

toxicity. Irinotecan-induced inflammation and dysbiosis instigate major contributing 

factors to intestinal toxicity, and β-glucuronidase inhibitors, plant extracts, and 

probiotics have been used in the clinical setting to limit the side-effects (Baily, 2019). 

The most recent discovery of Irinotecan’s active metabolite SN-38 analogue FL118, 

SN-38 based immune-conjugates such as Sacituzumab govitecan, and recently 

approved liposomal form Nal-IRI is believed to dampen severe side-effects caused 

by original forms of the treatment (Bailly et al., 2019). Neomycin was found to 
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ameliorate Irinotecan-induced diarrhoea in 86% of patients indicating β-

glucuronidase enzyme activity and bacterial involvement in Irinotecan-induced 

delayed-onset diarrhoea (Kehrer et al., 2001). A study conducted by Mayo et al., 

2017 has found that Irinotecan treatment causes alterations in cell proliferation and 

cell survival pathways, initiates intestinal mucositis, induction of a number of 

inflammatory pathways as well as early apoptosis that ultimately leads to severe 

damage to the structure and function of the GI tract resulting in treatment 

alterations, hospitalisations and complete cessation of the treatment. In that study, 

they subjected the therapeutic efficacy of glucagon-like peptide-2 analogues (GLP-

2 analogue) for the treatment of Irinotecan-induced diarrhoea. They have found that 

GLP-2 analogues exhibit successful outcomes for Irinotecan induced-toxicity by 

demonstrating anti-inflammatory, anti-apoptotic as well as intestinotrophic 

properties. Recent research conducted by McQuade et al., 2017 highlights the 

involvement and importance of the enteric nervous system (ENS) in Irinotecan-

induced gastrointestinal dysfunction. They suggest the damage and death of enteric 

neurons. The recent advancements in research that benefited the researchers to 

better understand the detailed knowledge of the metabolism of Irinotecan and its 

active metabolite SN-38, has enabled the recognising of potential biomarkers, and 

therefore, to reduce drug-induced toxicities. Regardless of the recent progress, 

Irinotecan-specific definitive therapeutic biomarker has not been discovered yet 

(Bailly, 2019). Irinotecan is being used for the treatment of a large range of cancers 

and advanced solid tumours due to its’ versatile nature of combining well with a 

variety of anti-cancer medications such as immuno-active biotherapeutics, cytotoxic 

agents, and targeted products. Regardless of its side-effects, Irinotecan remains a 

largely prescribed, an essential anti-cancer drug even after a quarter of a century 

after its first launch.  

                

1.4 Effects of Oxaliplatin and Irinotecan on The Enteric Nervous System 

 

According to recent literature, only a few studies have been conducted to examine 

the effects of chemotherapeutics on the enteric nervous system (Wafai et al., 2013,  
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Vera et al., 2011). Oxaliplatin and Irinotecan cause significant damage and death 

of enteric neurons and cause changes in certain sub-populations of myenteric 

neurons following treatments (McQuade et al., 2017, McQuade et al., 2016). 

Oxaliplatin treatment causes oxidative stress that contributes to enteric neuropathy, 

changes in the expression of neuronal nitric oxide synthase (nNOS), changes in 

microbiota, toll-like receptor 4 (TLR4+) positive cells, enhanced high mobility group 

box 1 protein (HMGB1) expression (McQuade et al., 2018), increase in s100β-IR 

enteric glial cells (Robinson et al., 2016) which may underlie the mechanism of 

colonic dysmotility in mice (McQuade et al., 2016). Carbone et al., 2016 found that 

several chemotherapeutic agents, including a combination of Folinic acid, 5-FU, 

and Oxaliplatin, cause electrophysiological and morphological changes in colonic 

myenteric neurons. Irinotecan-induced gastrointestinal dysfunction is associated 

with enteric neuropathy and caused an increase in the sub-population of myenteric 

neurons (McQuade et al., 2017).  

 

           

Figure 1.1 Institution of the enteric nervous system and affiliated muscle 

layers. The enteric nervous system is comprised of two major nerve plexuses, 

myenteric plexus and submucosal plexus located between the longitudinal and 

circular muscle layers.   
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The enteric nervous system (ENS) comprises two main layers namely the 

myenteric plexus and submucosal plexus. The myenteric (Auerbach’s plexus) is 

found between the circular and longitudinal muscle of the muscular externa and it 

is responsible for providing motor innervation of the gut (Shahrestani and Das, 

2021, Furnes, 2012). Submucosal plexus is located between the circular muscle 

and muscularis mucosa and it regulates the water and electrolier balance, vascular 

tone, and secretion (Shahrestani and Das, 2021, Bornstein et al., 2012, Mourad et 

al., 2003, Furness et al., 2012).  Moreover, these enteric neurons can be further 

categorised based on their biophysical properties, morphology, projections 

connectivity, and neurochemistry (Costa and Brooks, 2008). The enteric nervous 

system can generate its nerve impulses and encompasses the capacity to function 

on its own without interference with the central nervous system. Therefore, it refers 

to as the second brain of the body. ENS supplies the intrinsic nerve innervation of 

the gut via myenteric and submucosal plexus ganglia, primary inter-ganglionic fibre 

tracts, as well as secondary and tertiary fibres that extend from the gut to the various 

effector systems including glands, muscles, and blood vessels (Furness, 2012, 

Hansen, 2003). Predominately gastrointestinal functions are regulated and 

controlled by the enteric nervous system and damage to the enteric neurons causes 

gastrointestinal dysfunction (Furness, 2012).  

 

1.4.1 The Myenteric Plexus 

 

Myenteric ganglia can contain up to 5-200 neuronal cell bodies and their size and 

function can be different from one another depending on the types of neurons 

(Furness, 2014). The complex motor reflex pathways are primarily governed by 

three main classes of myenteric neurons. Primary afferent (intrinsic sensory) 

neurons represent about 30% of myenteric neurons and they respond to muscle 

tension and length, deformation in the mucosal layer, and responds to chemical 

stimuli in the intestinal lumen such as amino acids and fatty acids (Costa et al., 

2008). The circular muscle layer of the GI tract is also supplied by ascending and 

descending interneurons as well as excitatory motor neurons and inhibitory motor 
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neurons, whereas the longitudinal muscle layer is supplied by a separate population 

of excitatory neurons and inhibitory motor neurons (Costa et al., 2008, Furness et 

al., 2004, Bornstein et al., 2002, Gwynne and Bornstein, 2007, Bornstein et al., 

2006). Extrinsic nerve supply to the gut is mainly provided in an indirect way via 

providing nerve terminals mainly to the intrinsic ganglionated plexus rather than 

merging into the muscle layers of the gut except for the striated muscle of the 

oesophagus and in the sphincters (Furness, 2012). Hence, extrinsic innervation of 

the gut largely controls the activity of certain parts of the GI tract via modifying 

enteric neurons and maintaining homeostatic regulation as a common control 

between extrinsic control and intrinsic control (Bornstein et al., 2002).     

     

1.4.2 The Submucosal Plexus  

  

Submucosal plexus receives nerve supply from the myenteric plexus, sympathetic 

nervous system, and parasympathetic nervous system to stimulate the mucosal 

epithelium and the arterioles in the submucosal layers thus, regulating water and 

electrolyte balance, maintaining vascular tone, and control secretion (Furness et 

al., 2012, Mourad et al., 2003, Bornstein et al., 2012). The process of movement of 

fluid and substances between the blood and the intestinal lumen is a complex 

activity that requires the involvement of neural, endocrine, paracrine as well as 

autocrine systems (Bornstein et al., 2012). Nutrients in the food are absorbed with 

fluid from the lumen of the GI tract into the circulation via ion-coupled transporters 

and returned through secretomotor reflexes. These absorbed water and electrolytes 

from the lumen and the circulatory system (blood) are moved from the interstitial 

spaces of the lamina propria to the lumen. This important and complex action is 

controlled via the sympathetic secretomotor and vasodilator pathways (Furness, 

2012) including multiple interacting levels of neural control in the secretion and 

absorption of water and electrolytes in the gut.    
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 1.4.3 The Role of the Enteric Nervous System in Chemotherapy-Induced 

Gastrointestinal Dysfunction 

 

The traditional view suggests that the chemotherapy-related GI side-effects are due 

to mucosal damage (Feyer et al., 2011). It is true to a point that the acute symptoms 

of anti-cancer drugs are due to mucosal damage whereas the chronic symptoms 

may be caused by damage to GI tract innervation (McQuade et al., 2016, McQuade 

et al., 2017). The damage to the specialised neuronal innervation to the GI tract, 

namely the enteric nervous system (ENS) seems to be the underlying cause of 

chronic, persistent gastrointestinal side-effects of chemotherapeutic drugs. ENS is 

responsible for nutrient absorption, secretion, GI sensation as well gastric motility 

(Spencer and Hu, 2020, Escalante et al., 2017, De Giorgio et al., 2004). Damage 

and death of ENS neurons due to chemotherapeutic drugs can lead to disorders of 

motility such as diarrhoea, constipation, and slow transit disorders (Escalante et al., 

2017). Anti-tumour medications cause structural and functional changes to the ENS 

neurons (Carbone et al., 2016) that lead to persistent changes in the GI tract even 

after a considerable post-treatment time (McQuade et al., 2020, Escalante et al., 

2017, McQuade et al., 2016). First-line anti-colorectal drugs caused the death of 

enteric neurons, axonal damage (McQuade et al., 2020, McQuade et al., 2017, 

McQuade et al, 2016, Wafai et al., 2013,) and changes in the electrophysiological 

properties in ENS neurons (Carbone et al., 2016). Evidence suggests that most of 

these changes occur due to oxidative stress of the neurons (Donald et al., 2017, 

McQuade et al., 2016). Neurons are structurally and functionally prone to produce 

larger amounts of free radicals due to their larger size, high level of metabolic 

activity, and lower capacity for antioxidant defense (Pachman, 2014). It was found 

that oxaliplatin-treated cells exhibited increased expression of both inducible Nitric 

Oxide Synthetase (iNOS) and neuronal Nitric Oxide Synthetase (nNOS) and 

elevated levels of O2- (Donald et al., 2017). Elevated level of O2- is related to 

mitochondrial membrane depolarization which results in the release of cytochrome 

c, and which leads to neuronal death (McQuade et al., 2016). Therefore, it is evident 

that oxidative stress plays a major role in enteric neuropathy and colonic dysmotility 

that are associated with anti-cancer chemotherapy drugs.  
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1.4.4 Chemotherapy-Induced Enteric Neuropathy and Gastrointestinal 

Dysfunction  

 

Changes in the enteric neurons are found to give rise to several debilitating 

disorders such as Hirschsprung’s disease, Chagas disease, achalasia, intestinal 

neural dysplasia, severe idiopathic slow transit constipation, and irritable bowel 

syndrome (Furness et al., 2012, De Giorgio et al., 2004a, De Giorgio and Camilleri, 

2004, De Giorgio et al., 2000, Tornblom et al., 2002, Bassotti and Villancci, 2006, 

Wingate et al., 2002, Chandrasekaran et al., 2011). The study conducted by 

Bassotti and Villanacci, 2011 has revealed that even the minor changes to the 

enteric neurons that are not evident in conventional histological examination 

contributed to the changes in colonic motor activity that led to constipation (Bassotti 

and Villanacci, 2011). Another study conducted on patients with slow transit 

disorders has found abnormalities in the inhibitory neurotransmitters, nitric oxide 

and vasoactive intestinal peptide, changes in the number of myenteric neurons as 

well as a reduction in the density of Interstitial Cells of Cajal indicating the 

importance of enteric neurons and neurotransmitters for the optimal function of the 

Gi tract (He et al., 2000, Tzavella et al., 1996, Cortesini et al., 1995). Regardless 

the importance of the effects of chemotherapeutics on the ENS and GI function has 

long been overlooked.  

 

Different chemotherapeutics cause different levels of neurotoxicity varying 

from moderate to highly toxic and yet, neuronal degeneration and enteric 

neuropathy are considered benchmark measurements in chemotherapy-induced 

gastrointestinal dysfunction (McQuade et al., 2016, Pini et al., 2016, Wafai et al., 

2013, Vera et al., 2011). Several studies have revealed that repeated administration 

of chemotherapeutics causes enteric neuronal loss and that has a significant impact 

on the colonic motor activity and gastric transit (McQuade et al., 2020, McQuade et 

al., 2018, McQuade et al., 2016, Pini et al., 2016, Wafai et al., 2013, Vera et al., 

2011). Several key studies conducted on cisplatin-induced GI side-effects have 

shown that in vivo administration of cisplatin significantly reduced the number of 
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myenteric neurons in the distal colon and gastric fundus followed by reduced upper 

gastrointestinal transit and abrogation of colonic contractile activity (Pini et al., 2016, 

Vera et al., 2011). In another study, the researchers have found that Oxaliplatin 

administration causes myenteric neuronal death in the distal colon that is related to 

decrease colonic contractile function (Wafai et al., 2013). In those studies, the 

researchers have also found that myenteric neuronal loss after Oxaliplatin and 

cisplatin administration is also correlated with changes in the number and the 

proportion of NOS-immunoreactive neurons (Pini et al., 2016, Wafai et al., 2013, 

Vera et al., 2011). The changes in the NOS-immunoreactive neurons have been 

identified in several other enteric neuropathies such as Hirschsprung’s disease, 

Chagas disease, achalasia, ischemia/reperfusion injury, and diabetic gastroparesis 

(Rivera et al., 2011a). It is suggested that free radicals and nitric oxide (NO) cause 

damage to the enteric neurons and cause changes in the expression of NOS-

immunoreactive neurons (Donald et al., 2017, Rivera et al., 2011a, Martinez-Ruiz 

et al., 2011). Chemotherapy-induced oxidative stress is closely linked to the 

generation of excessive production of NO (Donald et al., 2017). Recent studies 

have found that platinum accumulation in enteric neurons due to Oxaliplatin 

treatment causes direct toxicity to the neurons and this may have caused the 30% 

reduction in total neuronal number in both myenteric and submucosal neurons 

(Stojanovska et al., 2014, Stojanovska et al., 2016).  

 

1.4.5 Oxidative Stress Associated with Enteric Neuropathy  

 

Oxidative stress arises because of an imbalance between the production of 

Reactive Oxygen Species (ROS) and the capacity of antioxidant systems to remove 

them and restore the homeostatic balance without producing elevated amounts of 

free radicals (Valko et al., 2007). This results in redox imbalance in the cell that 

affects several other cellular functions including the mitochondrial function. Under 

closely regulated circumstances, Oxidative stress can modulate several cellular 

responses including mitochondrial fission which enables the cells to quality control 

by removing damaged mitochondria and cells by facilitating apoptosis to stop 
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spreading the damage to nearby cells and other mitochondria, and provide cellular 

protection (Zhou and Toan, 2020, Denzer et al., 2016, Zorov et al., 2005). 

Nevertheless, uncontrolled oxidative stress can result in severe consequences 

such as serious cellular damage, unrequired cell death that ultimately leads to 

complete organ failure, and death of an organism (Kim and Kim, 2018, Zorov et al., 

2014, Zorov et al., 2012). Therefore, it is important to differentiate the adaptive 

redox response that occurs in physiological processes such as the removal of 

damaged mitochondria and cellular components from pathological oxidative stress 

that causes debilitating effects on the cell (Zorov et al., 2014). In a healthy cell, the 

net ROS production accounts for approximately 2% out of the total oxygen 

consumed by the mitochondria whereas in pathological cells that rate varies from 

0.25 to 11% depending on the species of the animal as well as the different 

respiratory capacities (Zorov et al., 2014). Hydroxyl (OH-), nitric oxide (NO), and 

superoxide (O2
-) are the most common reactive oxygen species that contribute to 

oxidative stress. Hydrogen peroxide (H2O2) and proxy nitrite (ONOO-) are the other 

molecules that indirectly partake in producing free radicals via several chemical 

reactions and therefore they are considered an important component in oxidative 

stress pathways (Uttara et al., 2009). 

 

Oxidative stress-associated neuronal damage is considered one of the main 

side-effects of several neuropathies including Charcot-Marie neuropathy, 

acracrylamide-induced neuropathy, and diabetic neuropathy (Areti et al., 2014, 

Vincent et al., 2004, Chandrasekaran et al., 2011, Saifi et al., 2003). Furthermore, 

chemotherapy-induced peripheral nerve damage is also the main side effect of 

oxidative stress as well as subsequent mitochondrial damage that cause acute and 

chronic symptoms in patients (Shim et al., 2019, Ma et al., 2018, Zheng et al., 2011).  

Serval research has identified that oxidative stress-induced neurodegeneration may 

be caused by biomolecular damage, neuroinflammation, ion channel activation, bio-

energetic failure, microtubule disruption, depletion of antioxidant defenses, and or 

neuronal death via activation of apoptotic cascades (Donald et al., 2017, Areti et 

al., 2014, McDonald and Winderbank., 2002, Ta et al., 2013, Salvemini et al., 2011). 

Furthermore, recent research findings have identified a correlation between 
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oxidative stress-induced apoptosis and mitochondrial dysfunction, and 

mitochondrial DNA base excision repair imbalance indicating the importance of 

regulating ROS levels at homeostatic balance for the proper function of 

mitochondria as well as neuronal survival (Shou et al., 2017, Qi et al., 2017, 

Harrison et al., 2005).   

   

1.4.5.1 Oxaliplatin-Induced Oxidative Stress and the Expression of Neuronal 

Nitric Oxide Synthase  

 

Nitric Oxide (NO) is a widely spread neurotransmitter in both the central and 

peripheral nervous system and it is activated by the enzyme, nitric oxide synthase 

(NOS) (Subedi et al, 2021, Sheng and Zhu, 2018). Neuronal nitric oxide synthase 

(nNOS) is the common variety that is typically found in the nervous system (Subedi 

et al, 2021). NO produced by nNOS neurons in the ENS is predominantly 

responsible for vasodilation and gastrointestinal relaxation (Idrisaj et al., 2021, Fung 

et al., 2020, McQuade et al., 2016, Bornstein et al., 2004, Takahashi, 2003). In the 

enteric nervous system, nNOS is expressed by the descending interneurons and 

inhibitory motor neurons that supply to the intestinal smooth muscle (Bombardi et 

al., 2021, Lecci et al., 2002), and the main source of NO in the ENS is supplied by 

the nNOS neurons (Wafai et al., 2013., Qu et al., 2008). NO released by intestinal 

smooth muscle cells as well as nNOS neurons in the ENS is essential for a smooth 

gastrointestinal motor pattern control as it aids to relax the GI tract sphincters as 

well as generating GI tract motor innervations (Bombardi et al., 2021, Roberts et 

al., 2008, Roberts et al., 2007, Sarna et al., 1993). Therefore, altered levels of nNOS 

are indicative of GI tract dysfunction, and elevated nNOS can be indicative of 

oxidative stress that is related to several pathological conditions (Sampath et al., 

2019, Rivera et al., 2011a). It was suggested that oxidative stress can hurt post-

mitotic cells including enteric neurons and long-term exposure to oxidative stress 

and NO leads to neuronal damage and death of neurons (Chandrasekaran et al., 

2011). Oxaliplatin exerts its anti-tumour efficacy by forming platinum-DNA adducts 

that cease the cell cycle and trigger apoptosis of dividing cells (Makovec, 2019, 
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Graham et al., 2000, Goodisman et al., 2006). Increased levels of nNOS expression 

had been linked to oxidative stress (Rivera et al., 2011a) which is the main side 

effect induced by Oxaliplatin. Persistent occurrence of oxidative stress in post-

mitotic cells including enteric neurons can lead to neuronal loss and the 

disintegration of neuronal function mutilating gastrointestinal function (Knauf et al., 

2020, Donald et al., 2017, Chandrasekharan et al., 2011). The mechanism of action 

that oxaliplatin is employing to immobilise cell division results in producing high 

levels of reactive oxygen species (ROS) and in cancer cells the buffering system 

that balances ROS in the cellular environment is being impaired leading to the 

accumulation of high levels of ROS thus diminishes the treatment effectiveness 

(Bukovski et al., 2020).  

               

1.4.6 Chemotherapy-Associated Mitochondrial and Nuclear Damage  

 

Chemotherapeutics such as Oxaliplatin and Irinotecan are well known for inducing 

oxidative stress directly and indirectly via a number of cellular pathways. Oxaliplatin 

induces oxidative stress directly due to the excessive production of ROS while 

Irinotecan causes Oxidative stress indirectly due to an inflammation-induced 

cascade. As a result of elevated oxidative stress, a significant amount of ROS is 

produced in the cell that greatly interferes with mitochondrial function (Angelova 

and Abramov, 2018, Yang et al., 2016). ROS-induced DNA damage can be varied 

from single and double-strand breaks to DNA base modifications (Yang et al., 

2016). Therefore, it is important to repair the damages as quickly as possible to 

prevent mutations and maintain the genomic stability of cellular and organelle DNA 

including mitochondrial DNA (Hakem, 2008).  

 

Damage to nuclear DNA can cause much more complex consequences 

since it is important for gene expression, survival, and mutations in the cell. The 

inability to repair or wrongly repaired DNA leads to genomic instability and 

mutations that are among the hallmarks of cancer (Hanahan and Weinberg, 2011). 
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The target of primary anticancer therapies, such as chemotherapy and ionising 

radiation, is to damage both nuclear and mitochondrial DNA driving the damaged 

cancer cell directly or indirectly, towards cell death (Huang et al., 2021). DNA 

damage response (DDR) is the mechanism that activates different repair 

mechanisms with the primary goal to restore DNA integrity (Jurcovicova et al., 

2022). DDR plays a profound role not only in cancer development but also in cancer 

treatment. Defects in DDR genes are known to contribute to the cancer 

development and the cells with defective or deficient DDR exhibit a significant 

increase in the sensitivity to DNA-damaging agents (Barnieh et al., 2021) such as 

chemotherapy and radiotherapy. DNA methylation is a regular and stable 

epigenetic mechanism to regulate gene expression in cancer cells, DDR 

components also exhibit alterations in their gene promoter methylation status (Lahtz 

et al., 2011). MLH1 gene methylation has been used as diagnostic, prognostic, and 

therapy response biomarkers in various cancer types including colorectal, ovarian, 

and breast cancers as well as a therapy response biomarker associated with 

platinum compounds and temozolomide (Gao et al., 2016). Vogelstein and 

collaborators have identified more than 130 000 different genetic mutations 

contributing to tumorigenesis including both oncogenes and tumour suppressors 

that are involved in the regulation of cell survival, genome maintenance, and overall 

DDR (Vogelstein et al., 2013) and these genes serve as valuable targets for new 

approaches to cancer treatment. 

 

Compared to nuclear DNA, mitochondrial DNA (mtDNA) is susceptible to 

oxidative damage partially due to its proximity to the source of endogenous ROS 

generation (Kowalska et al., 2020, Erol et al., 2017, Yakes and Van Houten, 1997). 

Another reason for this is mitochondrial DNA is lacking introns that lead to a high 

rate of transcription activity elevating the risk of oxidative modification of DNA bases 

in the coding region and culminating in faulty mutated DNA (Glowacki et al., 2013). 

ROS-induced lesions carry a high susceptibility to mutations in DNA and due to the 

extra sensitive nature of mitochondrial DNA for ROS-induced mutations, it is critical 

to repair those DNA damages for the integrity and the survival of mitochondria (Van 

Hauten et al., 2018). Nucleotide excision repair pathway (NER) has been observed 
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as an essential component for the stability of the nuclear genome and mismatch 

repair (MMR) and base excision repair (BSR) pathways have been involved in 

regulating mitochondrial DNA activity (Van Hauten et al., 2018, Glowacki et al., 

2013). Significantly high levels of accumulated oxidative stress cause more damage 

to mtDNA compared to nuclear DNA (nDNA) due to its proximity to the respiratory 

chain reaction, therefore, effective repair of ROS induced damage in mtDNA is 

crucial for the survival of the organelle as well as the sustainability of the cell 

(Kowalska et al., 2020, Yang et al., 2016, Todorov and Todorov, 2009). 

Furthermore, since mitochondria carry several genes associated with respiratory 

chain reaction components, defective mitochondrial DNA leads to the production of 

defective or malfunctioning proteins associated with the respiratory chain reaction 

that can further aggravate mitochondrial dysfunction by producing larger amounts 

of ROS, depleted production of ATP, and increased amounts of ROS-induced self-

mutated faulty DNA. Mitochondrial DNA damage further exacerbates oxidative 

stress by decreasing the oxidative phosphorylation that results in depleted cellular 

ATP generation capacity as well as further increasing the intracellular ROS (Chiang 

et al., 2017, Glowacki et al., 2013). Increased ROS stimulates further oxidative DNA 

damage and synthesis of faulty or malfunctioning proteins that lead the cell into a 

vicious cycle of damaging consequences. 

 

Due to mitochondrial stress and calcium overload, mitochondrial 

permeability transition pores (mPTP) open in the inner mitochondrial membrane 

leading to mitochondrial uncoupling and release of proapoptotic factors into the 

cytosol eventually leading to cell death (Halestrap., 2009). Brief opening of mPTO 

inevitably aids in maintaining healthy mitochondrial homeostasis, prolonged and 

sustained opening of mitochondrial permeability transition pores brings disastrous 

consequences to the cell (Zorov et al., 2014). Activation of mPTO’s causes the 

changes in intra- and inter-mitochondrial oxidative status resulting in the lease of 

ROS from mitochondria. This physiological phenomenon of ROS production and 

ROS release is referred to as ROS-induced and ROS release (RIRR) cycle (Zorov 

et al., 2000). The opening mPTO’s is also dependent on the reduction of 

nicotinamide adenine dinucleotide (NAD+) concentration in the cell (Di Lisa et al., 
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2001). Even though RIRR plays a crucial physiological role in removing damaged 

mitochondria and cells, it may cause considerably harmful effects to the organism 

under pathological conditions by eliminating vital mitochondria and cells.  

 

Several research conducted on animal models reported that chemotherapy-

induced neuropathic symptoms were partially dependent on the mitochondrial 

dysfunction (Trecarichi and Flatters et al., 2019) and peripheral neuronal 

projections were prone to mitochondrial damage by exhibiting swollen, vacuolated 

mitochondria (Areti et al., 2014). Studies conducted in Oxaliplatin-treated rats have 

reported that Oxaliplatin treatment induced elevated oxidative stress, associated 

with a reduction in mitochondrial capacity in oxidative phosphorylation, resulting in 

decreased ATP production in nerves (Waseem et al., 2018, Yang et al., 2018, 

Zheng et al., 2011). Elevated ROS production is correlated with increased 

susceptibility of DNA strands lesions that stimulate the activation of nuclear poly 

(ADP-ribose) polymerase (PARP) enzyme (Bardos et al., 2003). When oxidative 

stress is accompanied by energy depletion, the activation of PARP can quickly 

convert into the process of activation cell death (Akbar et al., 2016, Du et al., 2003). 

An increase in NAD+ availability via PARP inhibition or NAD+ precursors has been 

associated with ameliorating mitochondrial function and improving mitochondrial 

oxidative metabolism (Lehmann et al., 2016, Felici et al., 2015, Pirinen et al., 2014, 

Bai et al., 2011). 

                                

1.4.7 Irinotecan-Induced Intestinal Mucositis and Oxidative Stress 

 

Inflammation is considered one of the major causes of indirect toxicity and this is 

related to a significant amount of neuronal death due to chemotherapy treatment. 

Studies have demonstrated that 5-FU and IRI can cause long-term intestinal 

inflammation (McQaude et al., 2016, McQaude et al., 2017). Intestinal mucositis is 

another chemotherapy-related gastrointestinal side effect that causes adverse 

effects on patients’ quality of life. Irinotecan is one of the chemotherapeutic agents 
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associated with this condition. Intestinal mucositis can be characterised by 

extensive damage to the gut mucosa leading to severe gastrointestinal side-effects 

such as nausea, vomiting, abdominal pain, diarrhoea, bleeding, infections, 

malnutrition, and bacterial sepsis (Sougiannis et al., 2021, Ribeiro et al., 2016, 

Vanhoecke et al., 2015). Chemotherapy-induced intestinal mucositis is a common 

condition. Approximately 40% of patients receiving standard-dose chemotherapy 

and 100% of patients receiving high dose chemotherapy reported suffering from 

mucositis while receiving treatment (Cinausero et al., 2017). Dose reductions and 

treatment delays are the common strategies for chemotherapy-induced intestinal 

mucositis, decreasing the chances of cancer remission and increasing the mortality 

rates due to cancer or due to the complications caused by intestinal damage 

(Ribeiro et al., 2016). Regardless of the debilitating side-effects caused by the 

Irinotecan treatment, it is still being used in the clinical setting as a leading cancer 

treatment medication due to its efficacy as an anti-cancercancer medication and 

the lack of novel therapeutic options viable in the clinical setting (Fujita et al., 2015). 

Irinotecan treatment also causes DNA strand breaks leading to direct cellular injury 

to the basal epithelial cells and cellular damage within the submucosal layer, 

eventually leading to the activation of apoptotic cascades (Mishra and Jha, 2019, 

Bowen et al., 2016). Inflammation of the mucosal membranes, elevated production 

of reactive oxygen species and reactive nitrogen species are directly or indirectly 

associated with inducing apoptosis (Mishra and Jha, 2019, Ribeiro et al., 2016, Arifa 

et al., 2014, Sonis, 2004). In a clinical setting, several measurements are being 

taken to reduce fluid loss and decrease the motility of hyperactivated intestines by 

administering pharmacological agents such as opioid agonists, increasing oral 

rehydration, and electrolyte replacement (Andreyev et al., 2014). However, the 

damage to the enteric nervous system plays an important role in chemotherapy-

induced GI dysfuction. Therefore, it is a clinical necessity to find novel therapeutic 

approaches to target the enteric nervous system to ameliorate chemotherapy-

induced GI dysfunction. Identification of potential targets and the discovery of novel 

therapies to address chemotherapy-induced toxicity has become a robust 

therapeutic urgency for the disease prognosis as well as to improve the quality of 

life of the patients.    
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1.5 Inhibition of APE1/Ref-1 Redox Signalling as a Novel Anti-cancer         

Treatment 

 

Cancer is an augmentation of errors caused by numerous heterogeneous factors. 

So, it follows that the pragmatic method to terminate cancer should be to the 

hindrance of the initial error in cancer’s progression or arrest a pathway by cancer 

to survive itself. The current research focuses on targeting regulatory pathways to 

block cancer progression because the first approach to kill the cancer has not been 

achieved therapeutically as hoped for. Since tumour cells accumulate many 

defects, it is more efficient to focus on a single target that affects multiple pathways 

to produce a greater therapeutic effect. One of the most promising proteins being 

studied in this regard is APE1/Ref-1 (Zabransky et al., 2022, Mijit et al., 2021, Chen 

et al., 2017). Apurinic/apyrimidinic endonuclease 1/ Reduction-oxidation factor-1 

(APE1/Ref-1), is the recent therapeutic target that addresses both oxidative stress 

damage and DNA repair damage due to pathological condition of cancer (Mijit et 

al., 2021). APE1/Ref-1 functions as a dual functioning molecule containing a redox-

active site and a DNA repair active site (Laev et al., 2017, Shah et al., 2017). The 

redox-active site of the protein mediates the DNA-binding activity of several 

transcription factors that regulate cellular antioxidant response, cell growth, cell 

cycle arrest, and inflammation (Shah et al., 2017). The DNA repair active site of 

APE1/Ref-1 is highly attuned to cell survival and preventing apoptosis (Shah et al., 

2017). APE1/Ref-1 is a protein with endonuclease activity that regulates BER 

pathway minimising oxidative DNA damage. It plays a vital protective role in 

neurons from mitochondrial and nuclear DNA damage (Frossi et al., 2019). 

APE1/Ref-1 also functions as a reducing-oxidising (redox) factor that enhances the 

downstream regulation of oxidative stress by binding several transcription factors 

to DNA such as NFꝁB that are directly related to the cellular stress response as well 

as neuronal survival (Kelley et al.,2014). Kelley et al., 2014 & 2016 have identified 

the therapeutic capacity of APE1/Ref-1 for the survival of nondividing post-mitotic 

cells after oxidative DNA damage. They have developed a novel small molecule 

compound, namely APX3330 that directly and specifically inhibits APE1/Ref-1 

protein’s reducing-oxidising pathway and enhances the activity of the BER pathway 
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to augment the DNA repair in neurons (Kelley et al., 2014 & 2016). When 

administered in combination with cisplatin, the above compound has shown high 

efficacy in preventing or reversing cisplatin-induced sensory neuropathy without 

interfering with the effectiveness of anti-cancer efficacy in the treatment (Shah et 

al., 2017). It has also exhibited its’ effectiveness in tumour-killing properties (Kelley 

et al., 2014). Numerous studies have demonstrated APX3330’s efficacy in inhibiting 

APE1/Ref-1’s redox activity without affecting its’ endonuclease activity in tumours 

and DNA damage repair in neurons (Miller et al., 2016).   

 

1.5.1 APE1/Ref-1 Function in DNA Repair 

 

APE1/Ref-1’s endonuclease activity involves repairing DNA damage caused by 

oxidative stress, alkylating agents, and ionizing radiation via Base Excision Repair 

(BER). In this realm the damaged bases are removed by number of glycosylases 

and APE1/Ref-1 endonuclease function then nicks the DNA backbone forging 

hydroxyl (3’-OH) and 5’ deoxyribose phosphate (5’dRp) group allowing the 

formation of strand of new nucleotides. APE1/Ref-1 is also involved with DNA 

damage repair caused by reactive oxygen species (Gampala et al., 2021, Silpa et 

al., 2021). If the damage is beyond repair, genetic instability drives the cells to 

programmed cell death by activating the apoptotic cascade (Sahakian et al., 2021, 

Curtis et al., 2021). APE1/Ref-1 interacts with several other DNA repair associated 

proteins such as DNA glycosylases (Tell et al., 2005), DNA polymerase β (Tell et 

al., 2005), DNA glycosylases Ogg 1 (Sardar et al., 2018) and flap endonuclease 1 

(Sardar et al., 2018, Tell et al., 2005, Shin et al., 2015, Choi et al., 2016) in 

transcriptional regulation of gene expression (Gianluca et al., 2009). It also 

influences the DNA repair activities via redox modulation of several transcription 

factors. APE1/Ref-1 influence the sequence-specific DNA binding that ultimately 

controls gene expression (Zhang et al., 2018, Codrich et al., 2019). BER, 

homologous recombination (HR), direct repair (DR), mismatch repair (MMR), and 

global genome repair (GGR) cell signalling pathways are affected by the expression 

of p53, activator protein 1 (AP-1), and hypoxia-inducible factor-1 alpha (HIF1-α) 
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which are directly influenced by APE1/Ref-1 protein (Zhang et al., 2018, Codrich et 

al., 2019., Zhang et al, 2020, Barchiesi et al., 2020, Barchiesi et al., 2015, Liu et al., 

2020, Chattopadhyay et al., 2006).  

 

1.5.2 APE1/Ref-1 in Redox Regulation 

 

As described above, APE1/Ref-1 functions as a dual functioning molecule that has 

a DNA repair active site and a redox-active site (Laev et al., 2017). This dual 

functioning capacity is unique to mammals and the redox-active function of signal 

transduction regulates eukaryotic gene expression (Laev et al., 2017). APE1/Ref-1 

protein comprises two distant portions that molecularly and physically separate 

sites that can work independently without interfering with each other’s functions (Li 

et al., 2008). The APE1/Ref-1 inhibitor, APX3330 has been in clinical trials for solid 

tumours. Even though the DNA repair function of the protein is well known for 

decades, the redox function plays an important role in cancer growth, survival, 

metastasis, and angiogenesis (Kelly et al., 2014). APE1/Ref-1 proteins’ redox 

modulation varies from modulating the number of transcription factors involved in 

DNA repair, cellular stress responses, and other important cellular functions (Kleih 

et al., 2019, Cruz-Bermudez et al., 2019, Hu et al., 2019, Kelley et al., 2017, Stone 

et al., 2016, Dzagnidze et al., 2007, Ta et al., 2006). APE1/Ref-1 is the main 

regulator of both ubiquitous and tissue-specific transcription factors such as 

activator protein1 (AP-1), nuclear factor kappa B (NF-kB), early growth response 

protein 1 (EGR-1), p53, HIF1-α, cyclic AMP response-element binding protein 

(CREB), paired box protein 5 PAX-5, paired box protein 8 (PAX-8), thyroid 

transcription factor 1 (TTF-1), phosphatidylethanolamine-binding protein 2 (PEBP-

2) (Hu et al., 2018, Stone et al., 2016,  El Hadri et al., 2012, Lando et al., 2000, Tell 

et al., 2000, Ueno et al., 1999, Hirota et al., 1999, Akamatsu et al., 1997, Huang et 

al., 1993). Some of these transcription factors are directly involved with cancer 

growth, survival, metastasis, and angiogenesis. For instance, AP-1, NF-kB, PAX, 

HIF1-α, HLF, and p53 have a direct influence on cancer progression, and targeting 

APE1/Ref-1, stands a greater chance of effective therapeutic outcomes for the 
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disease progression (Bokhari and Sharma, 2019). NF-kB, AP-1, signal transducer 

and activator of transcription 3 (STAT3), and HIF1-α are four main transcription 

factors that are under APE1/Ref-1‘s direct control (Luo et al., 2010, Fishel et al., 

2007, Ray et al., 2009, Evans et al., 2000). They have been identified as main 

driving forces in pancreatic cancer progression, treatment resistance and 

metastatic potential (Oliveira et al., 2022, Mijit et al., 2021, Choi et al., 2020, Shin 

et al., 2009, Yang et al., 2009). Therefore, it is essential to target those transcription 

factors and inhibit their function via their origin to find a better outcome for tumour 

therapy. Targeting and inhibiting APE1/Ref-1 presents promising hopes based on 

several important transcription factors modulated under APE1/Ref-1 control.  

 

1.5.3 Other APE1/Ref-1 Protein-Protein Interactions  

 

The redox function of APE1/Ref-1 activates a number of transcription factors such 

as AP-1, p53, NF-kB, STAT3, and HIF1-α (Lee et al., 2009, Jedinak et al., 2011, 

Nassour et al., 2016, Nath et al., 2017). Hence, it affects the gene expression that 

regulates several cellular processors including inflammatory responses (Su et al., 

2011, Li et al., 2018). APE1/Ref-1 also controls several post-translational 

modifications, including nitrolation, phosphorylation, and acetylation by modulating 

redox-independent transcriptional regulatory functions (Lopez et al., 2021, 

Sengupta et al., 2016, Tell et al., 2009). The functional prerogatives of those 

modifications are yet to be discovered. For instance, acetylation of APE1/Ref-1 

protein may affect its intracellular localisation (Bhakat et al., 2009). Several studies 

reported additional functions of APE1/Ref-1 including regulation of endothelial NO 

production and vascular tone (Jeon et al., 2004), NK-cell-mediated cell killing via 

granzyme A (GzmA) (Martinvalet et al., 2005, Fan et al., 2003), concealing the 

activation of PARP1 while the repair of oxidative DNA damage (Peddi et al., 2006) 

and inhibition of oxidative stress through negatively controlling Rac 1/GTPase 

activity (Ozaki et al., 2002). Several other research findings report APE1/Ref-1 

protein’s retrogressive relationship with Bcl2 protein expression (Jin et al., 2006) 

and its inverse regulation of PTEN activator and the parathyroid hormone gene 
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(Bhakat et al., 2003, Kuninger et al., 2002, Chakravarti et al., 2001, Chung et al., 

1996, Okazaki et al., 1994).  

 

APE1/Ref-1’s versatile functioning capacity also spreads into influencing 

tumour microenvironment via modulating vascular tone by regulating NO levels, 

maintaining cell differentiation, enabling the differentiation of angiogenic progenitor 

cells, preventing apoptosis by repressing pro-apoptotic molecules such as TNF-α 

as well as upregulating pro-survival NF-kB signalling (Kelley et al., 2021). 

Researchers have found that APE1/ Ref-1 has a direct effect on NF-kB expression 

in human pancreatic tumour cell lines (Li et al., 2018, Gampala et al., 2021, Oliveira 

et al., 2022). Furthermore, the crosslink between NF-kB and STAT3 enhances the 

downstream regulatory pathways to be affected, including genes that regulate 

tissue repair, cell cycle progression, and apoptosis (Gampala et al., 2021, Oliveira 

et al., 2022). APE1/Ref-1 protein’s redox activation is required for NF-kB full 

activation and, therefore, inhibiting specific functions of APE1/Ref-1 protein may 

hold the capacity for hindering multiple downstream tumorigenic pathways (Lee et 

al., 2009, Gampala et al., 2021, Oliveira et al., 2022). Since APE1/Ref-1 protein 

regulates NF-kB, AP-1, STAT3, it directly influences the immune system by 

controlling the expression of cytokines and chemokines, including interleukin-6 (IL-

6), interleukin-8 (IL-8) and tumour necrosis factor-alpha (TNF-α) (Oliveira et al., 

2022). 

 

 Targeting APE-1/Ref-1’s dual function via small molecular inhibitors for the 

therapeutic inhibition of NF-kB lacks specificity. Tumours usually express high 

metabolic demands due to the constant cellular activity and neovascularisation 

plays a critical role in this aspect to supply blood and other essential components 

to the newly forming tumour cells. Without a proper blood supply, the tumours 

cannot sustain, and therefore, migrating of endothelial cells in the tumour 

microenvironment is critical for neo-angiogenesis. Recent research demonstrates 

that APX3330 inhibits the growth of pancreatic cell lines (Zou et al., 2008), 

pancreatic cancer-associated endothelial (PCECs), and endothelial progenitor cells 
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facilitating angiogenesis (Oliveira et al., 2022, Mijit et al., 2021, Choi et al., 2020, 

Zou et al., 2009).  

     

1.5.4 APE1/Ref-1 Angiogenesis 

 

Angiogenesis falls under the APE1/Ref-1 redox regulation umbrella that is 

controlled by several transcription factors such as HIF1-α, NF-kB, and AP-1 (Maulik 

et al., 2002). APX3330 and its analogues are known to exert anti-angiogenic 

properties that reduce tumour growth (Nyland et al., 2010, Kelley et al., 2011). 

Research conducted on in vitro murine retina has discovered that APE1/Ref-1 

proteins redox activity is an important factor for retinal vascular endothelial cells 

(RVECs) for the proliferation and forming of tubules (Luo et al., 2010). Research 

has also found that APE1/Ref-1 protein is highly expressed in murine retinas, 

RVECs, retinal progenitor cells (RPCs), and choroid/retinal pigment epithelium 

(RPE) (Luo et al., 2010). These findings suggest the importance of APE1/Ref-1 

protein’s redox activity for the development of retinal endothelial cell proliferation, 

migration, and new tubular formation (Luo et al., 2010). It has been demonstrated 

that a single intravitreal injection of APX3330 impedes the subretinal 

neovascularization in vldlr -/- knockout mice strongly suggesting the involvement of 

APE1/Ref-1 in retinal neovascularization (Jiang et al., 2009, Hu et al., 2008). 

APE1/Ref-1 protein’s redox inhibitor APX3330 and some of its recently developed 

analogues (Kelley et al., 2011, Nyland et al., 2010) have demonstrated therapeutic 

potential for age-related muscular degeneration (AMD). Regardless of its 

expensiveness and indefinite treatment time, anti-VEGF treatments are being used 

in the clinical setting as the standard care for wet AMD, it does not improve the 

patient’s vision with the treatment. Therefore, APX3330 could be used as a part of 

AMD treatment-refractory to anti-VEGF agents. Recent research has been 

focussing on the efficacy of combining APX3330 with anti-VEGF agents for the 

treatment of such diseases (Jiang et al., 2011). Studies conducted in normal 

endothelial cells have demonstrated that APE1/Ref-1 proteins’ involvement in 

multiple cellular pathways that associated with modulating vascular tone by 
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regulating NO levels (Zou et al., 2009), maintaining cell differentiation, preventing 

apoptosis by inhibiting pro-apoptotic TNFα signalling pathway and upregulating pro-

survival NF-ꝁB signalling pathway and enabling the differentiation of angiogenic 

progenitor cells. Considering the research findings of in vitro studies and preclinical 

data of APE1/Ref-1 inhibition, highly suggestive of the influence of APE1/Ref-1 

protein in the tumour microenvironment and the potential clinical utility of APX3330. 

The survival of tumours is mainly dependent on the ready access to a blood supply. 

Therefore, the migration of endothelial progenitor cells to the tumour 

microenvironment is essential for the formation of new blood vessels that supply 

blood to developing tumours. APX3330 inhibits the growth of pancreatic cancer cell 

lines (Zou et al., 2008), endothelial progenitor cells as well as pancreatic cancer-

associated endothelial cells (Zou et al., 2009). Additional studies conducted on the 

effects of APX3330 on human bone marrow cells, and human umbilical vein 

endothelial cells demonstrated that APX3330 can impede tumour endothelial VEGF 

production, reduce the expression of the cognate receptor Flk-1/KDR on pancreatic 

cancer-associated endothelial cells, hindering a conceivably important angiogenic 

ligand-receptor interaction in the tumour microenvironment (Zou et al., 2009).    

 

AP-1, NF-kB, HIF-1α, p53, HLF, and PAX are some of the main transcription 

factors involved in tumour promotion and progression (Luo et al., 2010, Ray et al., 

2009, Fishel et al., 2007, Evans et al., 2000). NF-kB, AP-1, HIF-1α, and STAT3 are 

four main proteins that come under APE1/Ref-1 redox regulation and a major role 

in cancer progression, resistance to therapy, and metastatic potential (Ray et al., 

2009, Fishel et al., 2007). These transcription factors not only regulate the cellular 

signalling activity but also influence the tumour microenvironment (Vinita et al., 

2009). These transcription factors upregulate downstream activation of several 

other transcription factors that are further closely linked to cancer cell growth and 

metastasis (Xie et al., 2006). HIF-1 is one of the major transcription factors that is 

regulated by APE1/Ref-1 protein, which responds to low oxygen conditions in the 

intracellular environment (Bristow et al., 2008, Cannito et al., 2008). HIF-1 is a 

heterodimeric transcription factor that comprises two protein subunits namely, HIF-

1α and HIF-1β. HIF-1α is typically overexpressed in cancer and it usually resides in 
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the cytosol of the cell (Huang et al., 1996). HIF-1β on the other hand usually resides 

in the nucleus and usually remains in a dormant state until the HIF-1α subunit binds 

and activates it (Huang et al., 1996). Cellular hypoxic conditions cause HIF-1α 

subunits to translocate into the nucleus and bind to HIF1-β to produce heterodimeric 

HIF-1, which further activates its downstream transcription factors such as vascular 

endothelial growth factor (VEGF) (Forsythe et al 1996, Jiang et al., 1996). VEGF is 

a major transcription factor that stimulates and enhances the growth of new blood 

vessels into newly forming tumours (Emami et al., 2021, Pezzuto and Carico, 2018). 

Therefore, it is imperative to recognise major transcription factors that aid in cancer 

progression and survival, and it is also important to block or inhibit their function for 

better cancer treatment and decreased treatment resistance. Therefore, APE1/Ref-

1 proves to have a great potential as a therapeutic target to control tumour growth.  

 

1.5.5 APE1/Ref-1 and Its Involvement in Inflammation 

 

Inflammation is an important biological process that is stimulated by various 

invading pathogens and or endogenous stimuli that aid the immune system in the 

tissue healing process (Yamabe et al., 1998). Several diseases such as diabetes, 

cardiovascular disease, osteoarthritis, bowel diseases, and cancers cause chronic 

inflammation that disrupts the cellular homeostasis of tissue healing and leads to 

diseases (Grombacher et al., 1998). Long-standing Inflammation is also another 

risk factor for tumour genesis especially in conditions like ulcerative colitis due to 

chromosomal instabilities (Guo et al., 2008). The risk factor of developing colorectal 

cancer increases by 20 to 30-fold with the re-occurrence of the disease for more 

than 10 years. Intracellular APE1/Ref-1 was found to be higher with Inflammation 

caused by ROS and other toxic agents (Luo et al., 2010, Tell et al., 2009, Evans et 

al., 2000). Prolonged cytosolic stress can lead to increased expression of 

APE1/Ref-1 and the possibility of creating genomic errors also increases. 

APE1/Ref-1’s endonuclease activity can repair damaged DNA via the BER 

pathway. Yet, prolonged cellular stress increases the chances of accumulating 

errors in the cell that lead to microsatellite instability in cells (Bapat et al., 2009).  
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1.5.6 APE1/Ref-1 Function in Tumour Cell Metabolism 

 

Cancer cells are well known for their capacity of adapting to meet their ever-

changing biogenetic needs by adapting and reprogramming cellular metabolic 

pathways. Since tumour cells own unrestricted proliferative capacity, the tumour 

cells must rely on accumulating secondary fuel sources such as mitochondrial 

metabolites, fumarate, succinate, and α-ketoglutarate to meet their high energy 

demands (Porporato et al., 2018). Recent research has found that certain malignant 

cancers shift their primary energy source from glycolysis to oxidative 

phosphorylation to meet their constant energy demands (Alameddine et al., 2018). 

Mitochondrial metabolic plasticity may play a significant role in this bidirectional shift 

that, consequently, questions the reliability of the Warburg effect that is responsible 

for all tumour survival and growth. Recent research has found that APE1/Ref-1 can 

regulate mitochondrial metabolism in addition to its function in redox regulation and 

endonuclease activity (Codrich et al., 2019). Inhibiting APE1/Ref-1’s endonuclease 

activity seriously impedes mitochondrial respiration (Codrich et al., 2019), and 

therefore, it is possible to control the metabolic activity of pathological tumour cells. 

APE1/Ref-1 has been found to translocate into the mitochondria (Barchiesi et al., 

2015) through the mitochondrial space import and assembly protein 40 (Barchiesi 

et al., 2015) when methylated at Arginine 301 (Zhang et al., 2020). It is responsible 

for maintaining mitochondrial respiration (Barchiesi et al., 2020) as well as 

maintaining mitochondrial DNS integrity, especially under increased cellular ROS 

environment (Barchiesi et al., 2020). Recent findings report that mitochondrial 

APE1/Ref-1 decreases the ROS generation in certain cancer cells and thereby 

increases Cisplatin resistance (Liu et al., 2020). Truncated and full-length 

APE1/Ref-1 in mitochondria can repair damaged mitochondrial DNA due to 

endogenous ROS which is a constant threat to mitochondrial DNA integrity (Li et al, 

2008, Chattopadhyay et al., 2006, Tell et al., 2001). Researchers have found that 

APE1/Ref-1 knockdown cancer cells expressing high levels of HIF1-α have shown 

to downregulate the glycolysis, TCA cycle (tricarboxylic acid cycle), and oxidative 

phosphorylation (Gampala et al., 2021), indicating the importance of APE1/Ref-1’s 

endonuclease function within the mitochondria. Furthermore, recent research has 
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found that APE1/Ref-1’s redox function also plays a significant role in mitochondrial 

metabolism (Silpa et al., 2021). APE1/Ref-1’s capacity in orchestrating to provide 

energy through mitochondrial metabolism for cancer growth and metastasis has 

significant importance to investigate for finding successful cancer therapy.  

 

1.5.7 Modulating APE1/Ref-1 Function in the Cancer Treatment Milieu  

 

Altered or elevated expression of APE1/Ref-1 has been observed in numerous 

cancers such as breast cancer, ovarian cancer, gliomas, sarcomas, and multiple 

myelomas (Langie et al., 2007, Madhusudan et al., 2005, Koshiji et al., 2005, 

Hanson et al., 2005, Chen et al., 1994, Hainaut et al., 1993) that shed the lights into 

APE1/Ref-1‘s association with aggressive tumour proliferation, evaluated levels of 

neovascularisation, elevated therapeutic resistance, incomplete therapeutic 

response, poor prognosis, and poor survival rates (Wang et al., 2004, Koukourakis 

et al., 2001, Bobola et al., 2001, Evans et al., 2000, Moore et al., 2000, Kakolyris et 

al., 1998, Xu et al., 1997). Increased expression of APE1/Ref-1 is associated with 

increased chemoresistance (Yang et al., 2007), and developing novel compounds 

that can modulate APE1/Ref-1 could hold the missing piece for definitive and 

effective cancer treatment. Anti-tumour efficacy of APE1/Ref-1 by inhibiting redox 

activation holds a high value because of the number of transcription factors that are 

governed by this single protein that can control cancer growth, metastasis, survival, 

and angiogenesis (Fishel et al., 2008, Fishel et al., 2007, Wang et al., 2004., Lau et 

al., 2004., Ono et al., 1994).  

 

1.5.8 APE1/Ref-1 Function in Chemotherapy-Induced Peripheral Neuropathy   

  

APE1/Ref-1 function in chemotherapy-induced peripheral neuropathy (CIPN) is a 

chemotherapy-related serious side-effect that can lead to dose reduction and 

thereby the efficacy of the treatment (Kelley et al., 2016a, Kelley et al., 2016b). 
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Patients usually experience numbness and tingling sensations increased 

sensitiveness to touch and cold decreased tendon reflexes and loss of 

proprioception, especially in the hands and feet due to the damage to peripheral 

sensory neurons (Gupta and Bhaskar, 2016). A larger portion of patients experience 

tabbing, burning, and electrical sensations (Seretny et al., 2014) due to 

chemotherapy, and the treatments are limited by a lack of preventative or 

therapeutic options (Hu et al., 2019, Stone et al., 2016, Hershman et al., 2014). 

Several research supports the hypothesis that DNA damage due to platinum-based 

drugs is a major contributing factor to CIPN. In addition to forming platinum-DNA 

adducts that cause neural toxicity (Dzagnideze et al., 2007, Ta et al., 2006), 

platinum-based chemotherapeutics are also correlated with increased formation of 

ROS that contributes to oxidative DNA damage and neurotoxicity (Xue et al., 2020, 

Cruz-Bermudez et al., 2019, Shah et al., 2017, Kelley et al., 2017, Kleith et al., 

2017, Preston et al., 2009, Siomek et al., 2006). It is critical to maintaining neuronal 

homeostasis by regulating the damage repair of both endogenous and exogenous 

DNA damage (Hetman et al., 2010, Fishel et al., 2007, McMurray, 2005, Brooks, 

2002). Neurons contain two major DNA damage repair pathways, namely 

nucleotide excision repair pathway (NER) and Base Excision Repair Pathway 

(BER) to fix and regulate the homeostatic balance in the cellular environment. NER 

pathway is mainly regulated to remove relatively large DNA damages such as 

platinum-DNA adducts that are generated by chemotherapeutics, Oxaliplatin and 

Cisplatin. BER pathway mainly predominates in removing smaller size DNA 

mishaps such as oxidation and alkylation within mitochondrial and nuclear DNA 

(Rolfe and Brown, 1997). BER pathway is more important in the neurons because 

of the high metabolic nature of the cells (Rolfe and Brown, 1997) results in the 

steady production of ROS followed by subsequent oxidative DNA damage (Fortini 

et al., 2010, Barzilai et al., 2008, Fishel et al., 2007). APE1/Ref-1 protein plays an 

important role in the BER pathway by hydrolysing the phosphodiester backbone of 

the DNA strand to an apurinic/apyrimidinic site that generates a normal hydroxyl 

group and an abasic deoxyribose phosphate molecule that can be further 

processed by a chain of enzymes in the BER pathway. The importance of the 

endonuclease activity of APE1/Ref-1 in neurons is crucial due to the risk of 

accumulation of DNA damage that could lead to neuronal death whereas enhancing 
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APE1/Ref-1 repair activity could mitigate the damage (Fehrenbacher et al., 2017, 

Kelley et al., 2017, Fishel et al., 2007, Tell et al., 2001). It is important to investigate 

the efficacy of small molecule compounds such as APX3330 in enhancing 

APE1/Ref-1’s endonuclease capacity to mitigate the neurotoxic effects of 

chemotherapeutics without arbitrating its anti-tumour properties to prevent or 

reverse the debilitating side effects of chemotherapy. 

                        

1.5.9 Therapeutic Potential of APX3330 as a Cancer Treatment  

 

Recent references have been added to the section.  APX3330 ([(2E)-3-[5-

(2,3dimethoxy-6-methyl-1,4-benzoquinolyl]-2-nonyl-2 propanoic acid]) is a quinone 

compound that has been originally developed by Eisai (E3330) as an NF-kB/TNF-

α inhibitor for the treatment of inflammatory liver disease and has been studied for 

its therapeutic potential to inhibit APE1/Ref-1 proteins’ redox function (Mijit et al., 

2023, Li et al., 2021, Caston et al., 2020, Luo et al., 2008). The direct and selective 

interaction of APX3330 with APE1/Ref-1’s redox function was demonstrated by 

mass spectrometry, chemical footprinting, and other biochemical data (Li et al., 

2021, Mcllwain et al., 2018). Inhibition of APE1/Ref-1’s redox-signalling and 

transcription factor activation to regulate oxidative stress response, inflammation, 

cell cycle and angiogenesis have been demonstrated in patients with neovascular 

eye disease (Hartman et al., 2021). 

 

Several studies have demonstrated that APX3330 can selectively block 

APE1/Ref-1’s redox activity and, therefore, it blocks APE1/Ref-1’s capacity in 

converting a variety of transcription factors from oxidised to reduced state, 

preventing specific genes from being “switched on” (Hartman et al., 2021, Caston 

et al., 2020, Nyland et al., 2010, Luo et al., 2008). Although the possibility of 

modulating multiple regulatory pathways, redox inhibition of APE1/Ref-1 via 

APX3330 has not shown any unacceptable toxicity in both animal and human 

studies (Mijit et al., 2023, Salat, 2020, Kelley et al., 2016). APX3330 has 
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demonstrated its specificity in inhibiting APE1/Ref-1 proteins’ redox regulation, 

making it a novel therapeutic approach in cancer treatment (Kelley et al., 2016, 

Curtis et al., 2009, Zou et al., 2009, Zou et al., 2008, Shimizu et al., 2000).    

 

   

       

 

Figure 1.2 Role of APE1/Ref-1 in cancer cells vs neurons. APX3330 selectively 

inhibiting the redox active site of APE1/Ref-1 protein. In cancer cells, inhibiting 

redox active site of APE1/Ref-1 by APX3330, prevents the activation of number of 

transcription factors such as NFkB, AP-1, STAT3, pSTAT3 and HIF1-α that control 

cell differentiation, proliferation, apoptosis, metastasis, angiogenesis, inflammation 

and invasion. In neurons, APE1/Ref-1 promotes cell function and survival.  

 

Fehrenbacher and collaborators (2017) found that anti-cancer drugs and 

ionising radiation causes increased expression of reactive oxygen (ROS) and 

nitrogen (RNS) species and elevated DNA damage, leading to altered neuronal 

sensitivity. They have also found that either genetically enhancing the expression 

of APE1/Ref-1 to increase the DNA repair function or treatment with a small-
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molecule modulator such as APX3330 to stimulate APE1/Ref-1’s DNA repair 

activity, results in increased DNA repair and decreased damage in sensory neurons 

leading to alteration in neuronal function (Fehrenbacher et al., 2017). 

 

1.5.10 APX3330 Clinical Progress as a Cancer Treatment  

 

Emerging evidence suggests that the use of APE1/Ref-1 redox inhibitors has 

successfully blocked the APE1/Ref-1’s redox function and therefore it has impeded 

the DNA binding of several important transcription factors that aid cancer survival, 

progression, and metastasis (Luo et al., 2010, Luo et al., 2008, Zou et al., 2009, 

Zou et al., 2008). Considering its multifunction regulatory capacity, targeting 

APE1/Ref-1 protein provides an effective approach to modifying and controlling 

numerous cancer cell survival pathways. Recent developments in this arena include 

xenograft models and the development of more effective and selective APE1/Ref-

1 redox inhibitors to directly ad specifically target gene or protein expression. 

Furthermore, currently APX3330 and its analogues are being used in the clinical 

setting to establish a standard compound with the highest clinical therapeutic 

potential. Oral APX3330 has successfully completed Phase I trials as an orally 

administered chemotherapeutic for the treatment of cancer as well as 

chemotherapy-induced peripheral neuropathy (Shahda et al., 2019). In patients with 

solid tumours, APX3330 demonstrated a favourable safety and tolerability profile 

with up to 600mg over multiple months (Boyer et al., 2022, Hartman et al., 2021). 

APX3330 has also progressed to Phase IIb clinical trials for the treatment of retinal 

diseases, diabetic retinopathy (DR) and diabetic macular edema (DME) (Boyer et 

al., 2022, Hartman et al., 2021). The most common oral APX3330 treatment-related 

adverse side effects were mild diarrhoea or soft stool reported by 4% of patients 

treated with APX3330 and 2% with placebo (Boyer et al., 2022). Regardless of the 

promising results of APX3330 in redox inhibition of APE1/Ref-1 protein, still, several 

challenges must be overcome to reap the maximum therapeutic potential of the 

drug. Among the number of newly developing APX3330 analogues, the most 

effective successor at specifically targeting APE1/Ref-1 redox function as well as 
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the sub-micromolar concentrations with high selectivity, is yet to be identified. The 

studies up to date have demonstrated the therapeutic potential of redox-specific 

APE1/Ref-1 inhibitor APX3330 for the treatment of retinal diseases, AMD and 

several cancers and there may be other regulatory pathways that involve APE1/Ref-

1, which hold the potential for providing novel therapeutic avenues for several other 

diseases.   

    

1.6 Summary  

 

Colorectal Cancer (CRC) is considered one of the most aggressive cancers and 

causes the third most common cancer-related death in Australia. According to 

recent statistics, 15,540 Australians are told they have bowel cancer annually with 

a fatality toll of 5,295 Australians annually. Age, gender, and race/ethnicity are the 

most common epidemiological factors associated with colorectal cancer (Haggar 

and Boushey, 2009, Amersi et al., 2005) and five-year survival expectancy is less 

than 10 percent (Bowel Cancer Australia, 2020). Weight loss, altered bowel habits, 

rectal bleeding, unexplained extreme tiredness, lump or swelling in the abdomen, 

and abdominal pain commonly occur in the later stages of the disease progression 

(Adelstein et al., 2011, Cappell, 2005). Surgical resection is the most common 

treatment approach for the early stages of colorectal cancer, including stage I and 

stage II. Chemotherapy is the standard first-line treatment for stages III and IV or 

metastatic cancer. It is given as a combination of two or more chemotherapeutic 

drugs with other medications by itself or with radiation (Johnston et al., 2012, 

Chibaudel et al., 2012). Oxaliplatin, Irinotecan, and 5-fluorouracil are the most 

common chemotherapy medications that are used in the clinical setting for CRC 

treatment (Wang and Li, 2012, Sharif et al., 2008, Marschner et al., 2015).  

 

Oxaliplatin (C8H14N2O4Pt) is a third-generation platinum-based 

chemotherapeutic medication used in clinical settings for stage III and metastatic 

CRC as a single agent or frequently as a combination therapy with 5-FU (Carlsen 
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et al., 2021, Gu et al., 2019, Stintzing, 2014). Patients have reported Oxaliplatin-

related side-effects including gastrointestinal toxicity, peripheral sensory 

neuropathy, and hematologic toxicity (Branca et al., 2021, Drott et al., 2019, 

McQuade et al., 2016, Cassidy and Misset, 2002). Irinotecan (C33H38N4O6) exerts 

its anti-tumour efficacy by inhibiting DNA topoisomerase (Mastrangelo et al., 2022, 

Dickens and Ahmed, 2018). Its active metabolite, SN-38, induces irreversible DNA 

damage to tumour cells and causes cell death (Lee et al., 2019, Shin et al., 2016). 

Regardless of the success rate of reducing the disease progression and increasing 

the survival rate, these medications cause acute and chronic toxicities that lead to 

immediate and long-term adverse effects (Axelrad et al., 2017, McQuade et al., 

2016, Keefe et al., 2014). Eighty to ninety percent of the patients have experienced 

diarrhoea, constipation, nausea, vomiting, and oral mucositis as side-effects of 

standard first-line chemotherapeutic drugs that are in the clinical setting (McQuade 

et al., 2016b, McQuade et al., 2016a, Keefe et al., 2014, Andreyev et al., 2014). 

These side-effects cause severe dehydration and malnutrition, resulting in 

significant weight loss and a weakened immune system (Bossi et al., 2021, 

Nishikawa et al., 2021, Andreyev et al., 2014, Aprile et al., 2015). It is common to 

experience intestinal inflammation, bowel wall thickening, ulceration in the bowel 

wall, and bowel perforation because of chemotherapy (Reginelli et al., 2021, Gray 

et al., 2016, Lecarpentier et al., 2010).  

 

Due to the adverse gastrointestinal side-effects associated with Oxaliplatin 

and Irinotecan, the dose of the chemotherapeutics is being reduced, limiting the 

efficacy of the treatment (McQuade et al., 2016, Arbuckle et al., 2000). Diarrhoea 

and constipation are the most common gastrointestinal side-effects of 

chemotherapeutic drugs (Moschen et al., 2022, Anthony and Chauhan, 2018). 

These side-effects cause a considerable negative impact on the quality of life of the 

patients and the carers. The drugs that are targeted the gastrointestinal side-effects 

of chemotherapeutic drugs have their side-effects, and therefore, the efficacy of the 

treatment is being compromised (Kroschinsky et al., 2017, Banerjee et al., 2017, 

Kwon, 2016, Feyer et al., 2011). Hence, novel treatments and therapeutic targets 

are crucial for later-stage aggressive cancers such as colorectal cancer. One of the 
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most promising proteins being studied in this regard is APE1/Ref-1 (Zabransky et 

al., 2022, Mijit et al., 2021, Chen et al., 2017). APE1/Ref-1 is the recent therapeutic 

target that addresses both oxidative stress damage and DNA repair damage due to 

pathological condition of cancer (Mijit et al., 2021). APE1/Ref-1 is a dual-functioning 

molecule containing a redox-active site and a DNA repair active site (Laev et al., 

2017, Shah et al., 2017). The redox-active site of APE1/Ref-1 protein is mainly 

responsible for DNA repair, inflammatory responses, and angiogenesis and plays 

a critical role in the tumour microenvironment. Recent data demonstrate APE1/Ref-

1s involvement in tumour survival and proliferation as well as altered APE1/Ref-1 

protein expression level at the protein or subcellular localisation level in numerous 

cancers (Puglisi et al., 2002, Koukourakis et al., 2001, Bobola et al., 2001, Puglisi 

et al., 2001, Robertson et al., 2001, Thomson et al., 2001, Kakolyris et al., 1998). 

Its significant influence on several important cancer signalling pathways (Luo et al., 

2010, Luo et al., 2008, Xie et al., 2006) provides abundant evidence further 

supporting the therapeutic potential of APX3330 in modulating APE1/Ref-1’s redox 

function as a novel therapeutic approach for cancer treatment. Recent research 

findings propose the capacity of selectively inhibiting APE1/Ref-1’s redox function 

via chemically knocking down or blocking APE1/Ref-1’s redox function may provide 

great potential for successfully inhibiting tumour growth, modification of tumour 

microenvironment such as inflammation, that negatively influences tumour survival, 

growth, and metastasis. Therefore, inhibition of the redox function of APE1/Ref-1 

protein via APX3330 underscores its importance as a prime candidate for the 

treatment of cancer. Recent studies demonstrated that APX3330 exerts anti-

inflammatory, neuroprotective, and tumour suppressive effects in DRG neurons 

(Fehrenbacher et al., 2017, Kelley and Fehrenbacher, 2017). The study presented 

in chapter 2 aimed to investigate the neuroprotective, anti-inflammatory anti-tumour 

efficacy of APX3330 against Irinotecan-induced damage to the myenteric neurons 

and to investigate the molecular mechanisms of APX3330 that modulate its 

neuroprotective and anti-tumour properties. Chapter 3 is mainly focused on 

investigation of the neuroprotective and anti-tumour efficacy of APX3330 against 

Oxaliplatin-induced damage to the myenteric neurons and investigating the 

molecular mechanisms of APX3330 that modulate its neuroprotective and anti-

tumour properties. 
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          2 
INVESTIGATING THE NEUROPROTECTIVE AND 

ANTI-CANCER EFFICACY OF APX3330 IN 

COMBINATION WITH IRINOTECAN IN THE MURINE 

MODEL OF CRC  

 

 

                

 

 

 

Cross-sectional preparation of the distal colon of APX3330+VEH-

treated mouse with CRC labelled with a pan-leukocyte marker anti-

CD45 antibody (yellow), neuronal marker anti-β Tubulin III antibody 

(magenta) and DAPI (green) (Scale bar = 100µm) 
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2.1 Summary 

 

Chemotherapy-induced gastrointestinal (GI) dysfunction is a common side-effect 

that ultimately leads to treatment delays, dose reductions and, in severe cases, 

cessation of the treatment (Verstappen et al., 2003, McQuade et al., 2014, Kciuk et 

al., 2020, Smith et al., 2020, O’Reilly et al., 2020, Okunaka et al., 2021). The GI 

side effects of chemotherapy could last up to 10 years post-treatment (Di Fiore et 

al., 2009, Denlinger and Barsevick, 2009, Hino et al., 2022, Lu et al., 2022). 

Irinotecan is a common chemotherapeutic agent that is used for colorectal cancer 

(CRC) treatment. In the clinical setting, Irinotecan is commonly used with either 5-

fluorouracil or leucovorin as a combination therapy (Cunningham et al., 1998, 

Khattab et al., 2019, Sun et al., 2020). Irinotecan (IRI) exerts its tumour killing 

properties by preventing religation of the DNA strand via inhibiting the binding of 

topoisomerase 1-DNA complex that halts the movement of the replication fork 

causing lethal double-strand breaks that lead to halting the cell cycle (Ma et al., 

2000, Grivicich et al., 2001, Pommier et al., 2003, Wong et al., 2019, Kolb et al., 

2020, Elbeddini et al., 2020, Gunasegaran et al., 2020, Carlsen et al., 2021, Parvez 

et al., 2021, Boeing et al., 2021). The common side-effects associated with 

Irinotecan treatment are nausea, vomiting, diarrhoea, dyspnoea, constipation, 

neutropenia, and cholinergic syndrome (Cunningham et al., 1998, Rougier et al., 

1998, McQuade et al., 2016, Krishnamurthi and Macaron, 2019, Fumet et al., 2021). 

However, the main Irinotecan-associated GI side-effect that contributes to dose-

limiting factors is acute and delayed onset diarrhoea (Rougier et al., 1998, Cole et 

al., 2020, Parvez et al., 2021, Vitiello et al., 2021, Wainberg et al., 2021). Acute 

diarrhoea occurs within the first 24 hours post-Irinotecan administration and usually, 

60-80% of patients experience the symptoms that have a considerable impact on 

their general wellbeing (Gibson and Keefe, 2006, Mego et al., 2014, Campbell et 

al., 2017, Okunaka et al., 2021, Wong et al., 2021). Approximately 80% of patients 

experience delayed onset of diarrhoea and it usually occurs 24-48 hours following 

treatment (Saliba et al., 1998, Hamano et al., 2019, Boeing et al., 2021). It is 

believed that acute symptoms of chemotherapy-related GI side effects are due to 

mucosal damage, whereas long-term gastrointestinal side-effects may be caused 
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by the damage to the enteric nervous system. Previous studies have demonstrated 

that Irinotecan treatment induces the loss of myenteric neurons, luminal 

accumulation, and reactivation of SN-38 that leads to continuous aggravation to 

intestinal microflora, sustained mucosal damage, damage to the intrinsic nervous 

system of the GI tract and the enteric nervous system where inflammation serves 

as a main driving force for the instigation of the array of adverse side-effects 

(McQuade et al., 2017). Recent studies demonstrated that APX3330 exerts anti-

inflammatory, neuroprotective, and tumour suppressive effects in DRG neurons 

(Kelley and Fehrenbacher, 2017). The focus of this study is to investigate the 

neuroprotective, anti-inflammatory anti-tumour efficacy of APX3330 against 

Irinotecan-induced damage to the myenteric neurons of the enteric nervous system 

and to investigate the molecular mechanisms of APX3330 that modulate its 

neuroprotective and anti-tumour properties. For the study we used 9 weeks old 

male Balb/c mice. Mice were randomly subjected for CRC induction surgeries by 

injecting 1x106 CT-26 cells into the caecum, under sterile conditions. Treatments 

started on day 6 post-surgery. Mice were divided into the following treatment 

groups: mice received two vehicles (1), Irinotecan plus vehicle for APX3330 (2), 

APX3330 plus vehicle for Irinotecan (3) and combination of Irinotecan plus 

APX3330 (4). A separate cohort of mice that was not subjected to CRC-induction 

surgeries were randomly divided into three groups: untreated (5), Irinotecan-treated 

(6) and APX3330-treated (7). Mice were given vehicles (vehicle for Irinotecan, 

vehicle for APX3330), Irinotecan (30 mg/kg/ x 3 /week), APX3330 (25 mg/kg/ 

x2/daily) and their combination for two weeks. Morphometric analysis of tumours 

and tumour metastasis, faecal water content, faecal neutrophil gelatinase-

associated protein - lipocalin II (LCN-2), immunohistochemical analysis of 

myenteric neurons and molecular level Western blot analysis of APE1/Ref-1 redox 

inhibition pathway proteins were analysed via ex-vivo microscopically. Irinotecan 

caused persistent weight loss throughout the treatment duration for both cohorts 

with cancer and without cancer. APX3330 treatment in combination with Irinotecan 

showed steady weight again during the treatment compared to Irinotecan treatment 

alone. Irinotecan treated groups in both cohorts experienced diarrhoea throughout 

the treatment duration and APX3330 treatment seems to alleviate the side-effect 

by not showing symptoms of diarrhoea in both APX3330 treatment by itself as well 
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as in combination with Irinotecan. Mucosal damage and inflammation were evident 

following long-term treatment with Irinotecan. Faecal lipocalin level indicated a 

positive trend of alleviating GI inflammation induced by Irinotecan treatment 

following APX3330 treatment with the combination of Irinotecan. Irinotecan induced 

neuronal loss, mucosal damage, and inflammation following 14-day treatment 

period. Combination of APX3330 with Irinotecan treatment showed improved 

neuroprotective and anti-tumour properties compared to individual treatments of 

either Irinotecan or APX3330.  

 

2.2 Introduction  

 

Irinotecan (C33H38N4O6) is usually given as a combination with 5-fluorouracil and 

leucovorin for the treatment of advanced colorectal cancer (Conti et al., 1996, Saltz 

et al., 2000, Heinemann et al., 2021, Hsieh et al., 2021, Sugiyama et al., 2021, 

Shinozaki et al., 2021, Zhang et al., 2022, Rong et al., 2022). Irinotecan belongs to 

the family of quinoline alkaloids, and it is made as a semi-synthetic analogue of 

camptothecin. Irinotecan exerts its anti-cancer properties via inhibition of 

topoisomerase I (Xu and Villalona-Calero, 2002, Xu and Villalona-Calero, 2002, Dai 

et al., 2019, Ozawa et al., 2021). DNA topoisomerase I is an essential component 

of DNA transcription, and it is responsible for cutting, relaxing, and reannealing DNA 

strands. SN-38, the active metabolite of Irinotecan binds to DNA topoisomerase I 

and form a complex stable ternary structure that ceases the replication process of 

the cell that leads to DNA damage and apoptosis (Dai et al., 2019, Ozawa et al., 

2021). Irinotecan has been used for phase II clinical trials in the 1990s as second-

line therapy for patients whose first-line treatments were not satisfactory with 5-FU 

with advanced CRC (Grothey et al., 2004). These studies have revealed that 

sequential administration of Irinotecan has been showing positive outcomes with 

patients who receive 5-FU treatment by itself or combination therapy with 5-FU and 

Leucovorin (Cunningham et al., 1998, Rougier et al., 1998, Heinemann et al., 2021, 

Sugiyama et al., 2021, Kimura et al., 2021).     
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Nausea, vomiting, constipation, shortness of breath, and cholinergic 

syndrome are among the common side effects of Irinotecan treatment 

(Cunningham et al., 1998, Rougher et al., 1998, Wong et al., 2021, Park et al., 2022, 

Grierson et al., 2022). The acute and chronic onset of diarrhoea is the most 

common and dose-limiting side effect of the treatment leads to treatment delays 

and in severe cases cessation of the treatment. Acute diarrhoea usually starts 24 

hours after the administration of treatment, and it is experienced by 60-80% of 

patients (Gibson and Keefe, 2006, Mego et al., 2015, Sakanaka et al., 2022, 

Secombe et al., 2022). Approximately 80% of the patients experience delayed 

onset diarrhoea and it is experienced 24-48 hours following administration of the 

treatment (Saliba et al., 1998, Leonard et al., 2002, Schulz et al., 2009, Zhao et al., 

2021, Secombe et al., 2022). Acute symptoms associated with Irinotecan treatment 

may be due to mucosal damage and chronic systems such as recurring onset 

diarrhoea are due to the damage to the enteric nervous system. 

 

Inflammation is a biological process that is enticed by the immune system as 

a response to several endogenous and exogenous stimuli and it is an essential 

process for tissue healing (Chen et al., 2018). In certain diseases such as cancer, 

diabetes, cardiovascular disease, and bowel disease, chronic inflammation disrupts 

the homeostatic balance in the cellular environment that further enhancing the 

disease progression (Varade et al., 2021). Number of widely used 

chemotherapeutics including Irinotecan causes inflammation as a main side-effect 

of the treatment. Irinotecan causes acute and chronic mucosal damage, 

inflammation and myenteric neuronal loss as demonstrated in previous studies 

(McQuade et al., 2017). Immune cells, tumours and cancer-associated fibroblasts 

are capable of producing cytokines in response to different stimuli (Ray et al., 2016, 

Peter et al., 2020, Varade et al., 2021). The release of these cytokines functions as 

a major driving of cytokine receptor activation that activates and enhances 

downstream activation of several cell signalling pathways including nuclear factor 

kappa-B (NF-kB) and activator of transcription (STAT). Some of these cytokines 

like IL-1, IL-6, and TNF-α stimulate the activation of several transcription factors 

such as AP-1, STAT3, VEGF, and NFkB and ultimately modulate the gene 
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expression (Gadina et al., 2017).  APE1/Ref-1 functions as a key modulator of 

several important transcription factors and their activation of cytokines, 

chemokines, and other downstream target proteins that promote growth, 

metastasis, angiogenesis as well as cancer cell survival in the tumour 

microenvironment (Jiang et al., 2020) Recent research has found that APE1/Ref-1 

protein induces lipopolysaccharide (LPS) - induced NLRP3 inflammatory cascade 

activation along with the production of a larger amount of pro-inflammatory 

cytokines such as IL-18, TNF-α, IL-1β in tumour associated macrophages by 

activating NF-kB pathway. Another research finding has revealed that APX3330 

suppressed the secretion of pro-inflammatory cytokines like TNF-α, IL- 6, and IL-12 

in LPS-stimulated macrophages. They have also found that APX3330 decreases 

the production of inflammatory mediator nitric oxide (NO) through the hindrance of 

transcription factors, AP-1, and NF-kB (Jedinak et al., 2011). Collectively, 

APE1/Ref-1 mediates several inflammatory processors via regulating the 

expression of important transcription factors that mediate pro-inflammatory 

cytokines. 

 

Since the use of protein levels of NFkB, STAT3 to infer the activity of 

transcription factors is not a direct measurement of downstream regulation of 

APE1/Ref-1 inhibition by APX3330 alone or in combination with chemotherapeutics, 

further studies to elucidate its mechanism of action are warranted. APE1/Ref-1 is 

also known for its endonuclease activity that encourages DNA repair and enhances 

cell survival. In this study, we aimed to investigate the efficacy of APX3330 to 

protect the enteric neurons from Irinotecan-induced damage and to potentiate the 

anti-tumour effectiveness of APX3330 in a combination with Irinotecan in an 

orthotopic model of CRC. We hypothesised that APX3330 will reduce Irinotecan-

induced damage to the enteric nervous system (ENS) and gastrointestinal 

dysfunctions in the murine model of colorectal cancer (CRC). Our study is the first 

to provide evidence of APX3330 neuroprotective and anti-tumour efficacy in the 

murine model of CRC. Our study is the first one to exhibit the neuroprotective and 

anti-tumour efficacy of the combination of APX3330 with Irinotecan. We have also 

found that APX3330 alleviates the adverse side-effects of Irinotecan treatment 
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alone and APX3330 treatment combined with Irinotecan has the potential of 

reducing the Irinotecan dose that inflict number of debilitating side-effects in CRC 

patients.  

 

2.3 Methods 

 

2.3.1 Animals  

 

 

Male Balb/c mice (n=35) were purchased from the Animal Resources Centre (Perth, 

Australia) and housed in groups of 5 per cage at the Western Centre for Health 

Research and Education (WCHRE) for the duration of the project. The animals were 

kept in a temperature-controlled environment at approximately 22˚C with a 12-hour 

day/night cycle with free access to food and water. The mice were allowed to 

acclimatise 3-5 days before experiments. All experiments were approved by the 

Victoria University Animal Experimentation Ethics Committee (Ethics number 

AEC19-010) and performed according to the guidelines of the National Health and 

Medical Research Council (NHMRC) Code of Practice for the Care and Use of 

Animals for Scientific Purposes.  

 

2.3.2 Cell Culture 

 

Murine colorectal cell line CT-26 cells were used to induce cancer in Balb/c mice at 

9 weeks of age. CT-26 cells were cultured in Roswell Park Memorial Institute 

(RPMI) 1640 culture medium (Sigma-Aldrich, Castle Hill, Australia). Culture 

medium was supplemented with 10% Foetal Bovine Serum (FBS), 1% penicillin-

streptomycin, and 1% glutamine. The cells were cultured in 5% CO2 and 95% air 

atmosphere at 37˚C. Cells were grown in 75cm2 flasks and once they grow into 

confluent or semi confluent monolayers, they were further passaged or used for the 

study. The passaged cells were washed with 1x PBS (Phosphate Buffered Saline) 
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before passaging and the cells were seeded by using 0.25% trypsin. Once the cells 

reached 80-90% confluency in the flask they were separated from the bottom of the 

flask and centrifuged to obtain the condensed cells for the preparation of injections. 

Cell pellet was suspended in 1mL PBS. One part of cell suspension was mixed with 

1 part of 0.4% trypan blue, and the mixture was incubated for 3 minutes in room 

temperature. A drop of cell/ trypan blue mixture was added to a hematocytometer, 

and cells were counted within 3-5 minutes. Trypan Blue dye was used to determine 

the number of cells in each vial. The viability of the cells was determined by 

observing the blue colour hue on the cell surface and they were counted under a 

light microscope and used a cell counting formula to calculate the total number of 

viable cells in 1mL of media. The condensed cell lysate was mixed with 100µL of 

media and 200 µL of Matrigel to prepare for injections. 1x106 cells were mixed with 

25µL Matrigel per injection with >95% viability defined by trypan blue exclusion.  

 

2.3.3 Orthotopic Implantation of CT-26 Tumour Cells  

  

 

The cancer induction was performed by implanting murine CT-26 colorectal cancer 

cells into the mice caecum. Briefly, mice have received anaesthetics before 

surgeries using xylazine (10mg/kg) and ketamine (80mg/kg) via intraperitoneal 

injections. The level of anaesthesia was checked constantly by performing a paw 

pinch reflex test especially before and during the surgery. The eyes of the mice 

were covered with Visco Tears to protect them from drying out during the surgery. 

The surgeries were performed in an aseptic environment and the mice were placed 

on a heat mat (30-36˚C) during surgeries to prevent heat loss. The surgical 

instruments were autoclaved before the surgeries and only opened on the operating 

table under an aseptic environment during surgeries. The abdominal area of the 

mice was shaved and swabbed with 70% ethanol followed by covering with sterile 

film to prepare the mice for the procedure. A small abdominal incision was made 

along the midline to exteriorise the caecum and the caecum was placed on sterile 

gauze during the procedure. One million (1x106) CT-26 murine colorectal tumour 

cells, that were suspended in 25µL of Matrigel with >95% viability, was injected into 
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the caecum using an insulin needle. The tumour cells were injected into the outer 

layer of the caucum (Figure 2.1) and a visible bulla formation was observed. The 

injections were carried out in a way to prevent any extra-caecal fluid leakage to 

complete the criteria for successful injection. The caecum was returned into the 

abdominal cavity, the abdominal muscles were sutured using polygalaceous 

sutures and the skin was sutured using surgical silk or dissolvable skin sutures. The 

incision area in the abdomen was swabbed with saline, followed by sterilising with 

iodine to aid the recovery process. After the surgery, the mice were given an 

analgesic, Temgesic/ buprenorphine (0.05mg/kg) subcutaneously. After returning 

to the recovery cage, the mice were closely monitored for 1-2 hours until they were 

conscious and moving around the cage and they returned into the animal house 

until the end of the treatment period. 

 

 

      

 

Figure 2.1 Induction of CRC with CT26 murine cells in a Balb/c mouse. 

Injecting anesthaesia before surgery (A’), CRC induction surgery (B’), mouse 

placed in the recovery cage following surgery (C’).  

 

 

2.3.4 Treatments 

 

  

A’ A’          B’                C’ 
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Mice without CRC (n=15/cohort) cohort was randomly divided into three groups 

including untreated (n=5), Irinotecan-treated (n=5), and APX3330-treated (n=5) 

received treatments twice as per the treatment plan (Table 2.1). Following CRC-

induction surgery mice with cancer (n=19/cohort) were randomly divided into four 

groups including a two vehicles-treated group (n=5), Irinotecan plus vehicle for 

APX3330-treated (n=5), APX3330 plus vehicle for Irinotecan (IRI)-treated (n=4) and 

a combination of Irinotecan plus APX3330 (n=5) group (Table 2.1). All groups 

received treatments for two weeks starting from day 6 post-surgery. In cancer-free 

mice cohort, the untreated group (n=5) did not receive any treatments and were 

subjected to final experiments on day 15. Irinotecan-treated without cancer mice 

received treatments every second day with a maximum of 3 injections per week for 

14 days and APX3330-treated cancer-free mice received treatments twice a day 

with 12 hours duration for 14 days. CRC-induced, two vehicles-treated (vehicle for 

Irinotecan plus vehicle for APX3330), Irinotecan plus vehicle for APX3330-treated, 

APX3330 plus vehicle for Irinotecan-treated, and combination of Irinotecan with 

APX3330-tretaet mice received treatments twice daily with 12-hours interval. 

Details of the treatment groups and treatment regimens are outlined in the Table 

2.1. Mice received intraperitoneal injections (IP) of Irinotecan (IRI) (Sigma Aldrich) 

(30 mg/kg/dose) (3 times a week, 2 weeks) via a 30 ½ gauge needle. IRI was 

dissolved in sterile water to make stock solutions and they were refrigerated at -

20°C until they were further be diluted to make working solutions for the 

intraperitoneal injections (McQuade et al., 2016). The dose of the Irinotecan was 

calculated to achieve a cumulative dose correspondent to an average human dose 

(Reagan-Shaw et al., 2008, Kohne et al., 2012). APX3330 (25 mg/kg) dose was 

given to mice 2x daily with 12 h interval for 14 days via intraperitoneal injections 

starting on the same day as IRI. APX3330 was dissolved in 2% Cremophor, 2% 

Ethanol, and 96% sterile water, due to the poor dissolvability of APX3330. APX3330 

dose was based on our previous study that showed neuroprotective and anti-

inflammatory effects in mice with chronic intestinal inflammation (Sahakian et al., 

2021). The volumes for all injections were calculated to the animal’s body weight 

every day with less than 200µL per injection (Table 2.1).  
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2.3.5 Clinical Parameters 

 

2.3.5.1 Body Weights  

 

Mice were weighed daily before the treatments starting three days after 

acclimatisation. They were weighed throughout the treatment period until the day 

of the final experiments. Body weight data were used as an indicator of the general 

health and wellbeing of mice. 

 

2.3.5.2 Faecal Water Content 

 

Faecal water content was calculated by analysing the percentage difference 

between wet and dry faecal weights to wet pellet weights using the following 

formula: 

Faecal water content (%) =  Wet pellet weight – Dry pellet weight    x 100 

          Wet pellet weight   

 

The wet weight of the faecal pallets was measured immediately after the sample 

collection. Samples were placed in a 60˚C oven overnight and then the dry weights 

of the samples were measured. Faecal water content was analysed before the 

commencement of the treatment (day 0), the middle (day7), and the end of the 

treatment (day 14). Acute diarrhoea was confirmed by measuring water content in 

faecal pallets collected on day 7 of Irinotecan treatment (dose 3). Chronic diarrhoea 

was confirmed by measuring water content in faecal pellets collected on day 14, 

two days after receiving the last dose (dose 6) of Irinotecan treatment.  
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Table 2.1 Treatment Regimens  

 

Treatment Group Number of 
Mice  

                         Treatment 
 
 

Mice without CRC 

Untreated n=5 No Treatment 

Irinotecan-treated n=5  IRI: 30 mg/kg/dose (dissolved in sterile 
water) 3 times a week, 2 weeks  

APX3330-treated n=5  APX3330: 25 mg/kg/dose (dissolved in 2% 
Cremophor: 2% EtOH and 96% sterile 
water) 2x daily with 8 h interval, 2 weeks  

Mice with CRC 

Vehicle 1 + Vehicle 
2-treated  

n=5 Vehicle 1: sterile water 3 times a week, 2 
weeks  

Vehicle 2: 2% Cremophor: 2% EtOH and 
96% sterile water 2x daily with 8 h interval, 
2weeks   

APX3330 + 
Vehicle-treated  

 

n=4 APX3330: 25 mg/kg/dose 2x daily with 8 h 
interval, 2 weeks  

Vehicle 1: sterile water 3 times a week, 2 
weeks  

Irinotecan + 
Vehicle-treated  

n=5 IRI: 30 mg/kg/dose 3 times a week, 2 
weeks 

Vehicle 2: 2% Cremophor: 2% EtOH and 
96% sterile water 2x daily with 8 h interval, 
2weeks 

Irinotecan + 
APX3330-treated 

 

n=5 IRI: 30 mg/kg/dose 3 times a week, 2 
weeks 

APX3330: 25 mg/kg/dose 2x daily with 8 h 
interval, 2 weeks 
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2.3.5.3 Quantification of Faecal Lipocalin-2 

 

Fresh faecal samples were collected on days 0, 7, and 14 to detect the changes in 

faecal lipocalin-2 levels. Faecal samples were immediately snap-frozen in liquid 

nitrogen after sample collection to preserve samples from further degradation. On 

the experimental day, the faecal samples were suspended in 0.1% Triton 

(100mg/ml) before sonicating the samples to agitate the particles in the samples. 

Then the samples were centrifuged at 12,000rpm at 40C for 10 minutes. DuoSET 

ELISA Mouse Lipocalin-2 kit (R&D Systems, Minneapolis, USA) was used to qualify 

the lipocalin-2 levels in the supernatant of the faecal samples. Mouse lipocalin-2 

capture antibody, mouse lipocalin-2 detection antibody, mouse lipocalin-2 standard, 

and streptavidin-horseradish peroxidase (HRP) were diluted with their diluent 

reagents according to instructions to prepare the working solutions. Plate 

preparation was done by coating the 96-well microplates with diluted capture 

antibody in PBS without carrier protein. Each well was coated with 100µL of diluted 

capture antibody and the sealed 96-well plates were incubated overnight at room 

temperature a day before the commencement of the experiment. On day 2, the 

solution was aspirated from the plate and the plate was washed three times with 

400µL of wash buffer followed by complete removal of the liquid each time for 

increased performance. Once the plate was completely washed and dried with 

wash buffer, 300µL of blocking solution was added to the plates followed by a 

minimum of 1-hour incubation at room temperature. The plate was aspired properly 

and was washed three times with wash buffer to prepare the pate for sample 

addition. The assay procedure was executed by adding 100µL of samples or 

standards to each well, covering the plate with an adhesive strip, and incubating for 

2 hours at room temperature. The plate was aspirated carefully and washed three 

times with wash buffer after 2 hours incubation period. Each well of the plate was 

then covered by 100µL of detection antibody which was diluted in reagent diluent. 

Again, the plate was covered with a new adhesive strip and incubated at room 

temperature for 2 hours followed by aspiration and three washes with wash buffer 

before adding 100µL of streptavidin-HRP to each well. The plate was covered with 

aluminium foil to protect it from light and the plate was incubated 20 minutes at room 

temperature before aspiring the liquid and washing it three times with wash buffer. 
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Lastly, 100µL of substrate solution was added to each well and covered the plate 

with an aluminium foil to protect it from direct sunlight and incubated the plate for 

another 20 minutes at room temperature followed by adding 50µL of stop solution 

to each well to stop the enzymic reaction. The plate was tapped gently to ensure 

through mixing since it is important to have a consistent density in each well. The 

optical density of each well was read by using a microplate reader set to 450 nm. 

The readings were then subtracted by 570nm from the readings at 450nm to obtain 

the readings corrected for optical imperfections in the plate.  

 

2.3.6 Tissue Collection   

 

On the day 6 post-surgery the mice started receiving Irinotecan, APX3330, Vehicle 

or a combination of treatments for 14 days. After the treatments mice were culled 

by giving a lethal injection of phenobarbital. The caecum was exteriorised and 

examined for tumour growth. Samples of the caecum, distal colon, and secondary 

spread of tumour samples in the abdominal cavity were immediately snap-frozen in 

liquid nitrogen for Western blot analysis. Fresh colon samples were collected and 

processed for immunohistochemistry experiments as described below. 

 

2.3.6.1 Immunohistochemistry in Wholemount Preparations    

          

Immunohistochemistry was performed as described in Robinson et al. (2014) and 

Wafai, et al. (2013).  The distal colon tissue samples from each animal were 

collected and placed in oxygenated phosphate-buffered saline (PBS, pH7.2) that 

contained nicardipine (3µM) for 20 minutes to inhibit smooth muscle contractions. 

Wholemount preparation sample tissues were maximally stretched and pinned flat 

with the mucosal side up into the dish. Then the tissue samples were fixed with 

Zamboni’s fixative (2% formaldehyde containing 0.2 % picric acid) overnight at 4˚C. 

The next day, the tissue sections were washed with dimethyl sulfoxide (DMSO, 
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Sigma-Aldrich, Australia) three times 10 minutes apart to clear off the fixative 

followed by three times ten-minute washes of phosphate-buffered saline (PBS). 

Tissue samples of the distal colon that were prepared for Immunohistochemistry 

wholemounts were then placed in 10mL of PBS+0.01g of Sodium Azide solution 

and stored at 40C for long-term storage.  

 

The tissues processed for wholemount preparations were then washed (2x5 

mins) with phosphate-buffered saline with 0.01% Triton X 100 (PBST) and then 

peeled the mucosal layer, submucosal muscle layer, and the circular muscle layer 

off to visualise the myenteric plexus of the colon. Once the longitudinal muscle-

myenteric plexus (LMMP) of the wholemount preparation is neatly dissected, the 

tissues were incubated in a humidified box with 10% normal donkey serum 

(Chemicon, USA) for 1 hour at room temperature. The tissues were then washed 

(3 x 5 mins) with PBST followed by incubating with primary antibodies (Table 2.2) 

overnight at room temperature. The following day, the tissue preparations were 

washed in PBST (3x10 min) before incubation with species-specific secondary 

antibodies (Table 2.2) that were developed to detect and bind to the primary 

antibody. The tissue sections were incubated in a dark humidified box for two hours 

at room temperature before washing in (3x10 min) PBST. After the third PBST 

wash, the sections were incubated with 4’6-diamidine-2’-phenylindole 

dihydrochloride (DAPI) (D1306, Life Technologies, Australia) for 1 minute which 

serves as a fluorescent nucleic acid stain. Tissues were then further subjected to 

PBST washes (2x10 min) and then mounted on glass slides using fluorescent 

mounting medium (DAKO).  

 

2.3.6.2 Immunohistochemistry in Cross-Sections  

 

The distal colon tissue samples from each animal were collected and placed in 

oxygenated phosphate-buffered saline (PBS, pH7.2) that contained nicardipine 

(3µM) for 20 minutes to inhibit smooth muscle contractions. Cross-section 
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preparation sample tissues were pinned flat with the mucosal side up without 

stretching into the dish. Then the tissue samples were fixed with Zamboni’s fixative 

(2% formaldehyde containing 0.2 % picric acid) overnight at 4˚C. The next day, the 

tissue sections were washed with dimethyl sulfoxide (DMSO, Sigma-Aldrich, 

Australia) three times 10 minutes apart to clear off the fixative followed by three 

times ten-minute washes of phosphate-buffered saline (PBS). After washing three 

times with PBS, the tissue samples that were prepared for Immunohistochemistry 

cross-sections were placed in moulding trays and then embedded in optimum 

cutting temperature (OCT) compound. The moulding cases were then placed in a 

liquid nitrogen canister after placing the mould in a 2-methyl butane (isopentane) 

container. The prepared OCT blocks were stored in a -800C freezer for long-term 

storage. 

 

The OCT blocks that contained distal colon segments were cryo-sectioned 

at 10µm section thickness using a Leica CM1950 cryostat (Leica Biosystems, 

Germany). The sections were adhered to glass slides immediately after cutting and 

they were left at room temperature for 1hr before commencing the immuno-staining 

process. Residual OCT was washed off from the slides by washing the slides three 

times with 0.01% Triton x100 (PBST) for five minutes apart. The samples were 

outlined by using a liquid Blocker Super Pap Pen to reduce the use of the 

antibodies. Then 10% normal donkey serum (Chemicon, USA) in x1 PBS was 

added to the samples to block the endogenous activity of the samples. The glass 

slides were stored in a humidified box for one hour at room temperature followed 

by three x1 PBST washes five minutes apart. The cross-section samples were then 

incubated in a humidified box with primary antibodies (Table 2.3) overnight at room 

temperature. The second day of the process was commenced by washing the 

sections with 1x PBST three times 5 minutes apart. The sections were then 

incubated with secondary antibodies (Table 2.3) that were labelled against the 

primary antibodies. The sections were incubated at room temperature in a dark 

humidified box for two hours before washing them three times with 1xPBST five 

minutes apart. After the third PBST wash, the sections were incubated with 4’6-

diamidine-2’-phenylindole dihydrochloride (DAPI) (D1306, Life Technologies, 



 

62 

 

Australia) for 1 minute. The sections were washed again two times with 1xPBST 

washes and then mounted with fluorescent mounting medium DAKO (Agilent 

Technologies, Australia). The glass slides that contained the cross-sections were 

covered with coverslips and they were left in a dark place dry overnight before 

imaging the next day. 

 

2.3.6.3 Imaging  

 

Nikon Eclipse Ti laser scanning microscope (Nikon, Japan) was utilized to take 

three-dimensional images of wholemount preparations and cross-sectional 

preparations of the samples. Wholemount preparations of the distal colon segments 

were observed under the microscope, and 8 randomly selected images were taken 

using x40 objective and the images were processed using NIS Element Software 

(Nikon, Japan). The cross sections were observed under the microscope, and eight 

randomly chosen images were captured with 20x objective per distal colon sample. 

Z-series images were taken to analyse the complete image at a step size of 1.75µm 

(1600×1200 pixels). Images were analysed by the variation of fluorescence in each 

image in comparison to the relative fluorescence of each area of the image. The 

images were then analysed by using Image J software.  

 

2.3.7 Morphometric Analysis of Tumours and Tumour Metastasis  

   

Tumour growth in the caecum and colon was assessed ex vivo macroscopically as 

well as histologically. The freshly resected caecum was weighted, and the number 

of tumours and polyps were counted where applicable. Then the caecum was 

placed in PBS and cut along the mesenteric border to expose the content. Caecum 

tissues were then pinned down mucosal side up and flushed out the content. Fresh 

Caecum samples were snap-frozen for Western Blot experiments. The size, 

number, weight of the tumours, and tumour metastasis were analysed on the day 

of the tissue collection. 
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Table 2.2 Primary and Secondary Antibodies Used in Wholemount Preparations 

Antibody  

 

Species  Dilution Source  

 

Primary antibodies 

Pan neuronal marker anti-

PGP9.5 antibody 

Rabbit, 

polyclonal  

1:500 Abcam, Australia  

Apurinic/apyrimidinic 

endonuclease-1 anti-

APE1/Ref-1 (APE1/REF-1) 

antibody  

Mouse, 

monoclonal 

1:1000 A gift from Prof. M. 

Kelley, Indiana 

University, 

Indianapolis, 

Indiana, US 

Cholinergic neuronal marker 

anti-Choline 

Acetyltransferase (ChAT) 

antibody 

Goat, 

monoclonal  

1:500 Abcam, Australia 

Cholinergic fibre marker 

anti-Vesicular Acetylcholine 

Transporter (VAChT) 

antibody 

Goat, 

monoclonal  

1:500 Abcam, Australia 

 

Secondary antibodies 

Alexa Flour 488 

 

Anti-mouse 1:300  

 

 

Jackson 

ImmunoResearch 

laboratories,  

United States 

Alexa Flour 594 

 

Anti-rabbit 1:300 

Alexa Flour 647 

 

Anti-rabbit 1:300 

Alexa Flour 594 

 

Anti - goat 1:300 

Alexa Flour 647 

 

Anti - goat 1:300 
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Table 2.3 Primary and Secondary Antibodies Used in Cross-sections  

Antibody  

 

Species  Dilution Source  

 

Primary antibodies 

 

Pan neuronal fibre marker 

anti-β-Tubulin III antibody  

 

Chicken, 

monoclonal  

1:500 Abcam, Australia  

Pan leukocyte marker anti-

CD45 antibody  

 

Rabbit, 

polyclonal  

1:500 Abcam, Australia 

Neutrophil marker anti- 

myeloperoxidase (MPO) 

antibody 

Rabbit, 

monoclonal 

1:500 Cell signalling, 

Australia  

 

Secondary antibodies 

 

Alexa Flour 594 Anti - chicken 1:300 

 

 

Jackson 

ImmunoResearch 

laboratories,  

United States 

Alexa Flour 488 

 

Anti-rabbit 1:300 

Alexa Flour 647 

 

Anti-rabbit 1:300 
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2.3.8 Western Blot Analysis   

 

Freshly harvested segments of distal colon samples were washed with 1×PBS 

solution to flush off its content and snaped frozen until the following day. The 

following day the frozen tissue samples were homogenized with a Polytron 

homogenizer (Kinematica AG, Lucerne, Switzerland) for 20 seconds in ice-cold 

Radioimmunoprecipitation Assay (RIPA) solution containing protease and 

phosphatase inhibitors cocktails (1:100 protease inhibitor, 1:100 phosphatase 

inhibitor) (Bio-Rad). Then the homogenate was centrifuged, and the lysate samples 

were preserved in a -800C freezer for further analysis. The exact protein 

concentration of each lysate sample was determined by the detergent compatible 

protein assay (DC protein assay) kit (Bio-Rad Laboratories, Hercules, CA, USA). 

To make Western blot working samples, equal amounts of protein samples will be 

taken from each lysate sample based on their protein concentration and they were 

dissolved in 25µL of Laemmli buffer, and the rest of the volume was filled with RIPA 

Buffer to make 100µL of WB working samples. Prepared working samples were 

subjected to electrophoretic separation on sodium dodycyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) acrylamide gels to determine the expression of 

different target proteins. The protein expression was evaluated following 

electrophoretic separation, the proteins were transferred to a polyvinylidene 

difluoride (PVDF) membrane and then blocked with 5% skim milk (Tris Buffered 

Saline containing 0.1% Tween, TBST) for 1 hour followed by 4 x 5 mins TBST 

washes. The membranes were incubated overnight in a platform shaker at 40rpm 

speed with primary antibodies (Table 2.4) based on the target of interest at -40C. 

Primary antibodies were prepared in 1% Bovine Serum Albumin (BSA) (TBST, BSA, 

0.01% Sodium Azide) and 1:1000 primary antibody concertation was used 

throughout the study. Membranes were washed 4 x 5 mins washes with TBST on 

the following day and probed with horseradish peroxidase (HRP)-conjugated 

secondary antibodies (Table 2.4) in 5% skim milk solution for 2 hours at room 

temperature. Membranes were then washed with 4x 5mins TBST washes the blots 

were developed using ECL Prime Reagent (Amersham, Piscataway, NJ, USA) 

followed by imaging in a DARQ CCD camera mounted to a fusion FX Imaging 

system (Silver Lourmat, Germany). Densitometric measurements of the protein of 
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interest were performed employing Fusion CAPT Advance software (Viber Lourmat, 

Germany). The signal intensity of the target protein was normalised to the signal 

intensity of the total protein loaded. The proteins extracted from distal colon 

segments from each animal were evaluated for the expression of Inflammatory 

markers, signal transducer and activator of transcription 3 (STAT3), phosphorylated 

STAT3 (pSTAT3) and vascular endothelial growth factor (VEGF). 

 

2.3.9 Data and Statistical Analysis  

 

Image J Software (National Institute of Health, Bethesda, MD, USA) was used to 

convert images from RGB to greyscale 8-bit binary. Images were then analysed to 

attain the percentage area of immunoreactivity. All immunohistochemistry images 

and Western Blot images were quantified as per above and statistical analysis was 

performed with Prism (version 9.0v, Graph Pad Software, La Jolla, CA, USA). All 

values were represented as mean +/- standard error of the mean (S.E.M.) except 

the changes in body weight (%) during the 14-day period that was presented as 

mean +/- standard deviation of the mean (S.D.). One-way ANOVA followed by the 

Tukey-Kramer post hoc test for multiple group comparison was used to analyse the 

differences between all groups. P<0.05 was considered significant. 
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Table 2.4 Primary and Secondary Antibodies Used for Western Blot 

Experiments  

Antibody 

 

Species Dilution Source 

 

Primary antibodies 

 

Apurinic/apyrimidinic endoneuclease-

1 anti-APE1/Ref-1 (APE1/Ref-1) 

antibody 

Mouse, 

monoclonal 

1:1000 Abcam, 

Australia  

Vascular endothelial growth factor 

marker anti-VEGF antibody 

 

Rabbit, 

polyclonal  

1:1000 Abcam, 

Australia 

Nuclear factor kappa-light-chain-

enhancer of activated B cells marker 

anti-NF-kB antibody  

 

Rabbit, 

monoclonal 

1:1000 Cell 

Signaling, 

Australia 

Signal transducer and activator of 

transcription 3 marker anti-STAT3 

antibody  

 

Rabbit, 

monoclonal 

1:1000 Cell 

Signaling, 

Australia 

Phospho specific signal transducer 

and activator of transcription 3 marker 

anti-pSTAT3 antibody  

 

Rabbit, 

monoclonal 

1:1000 Cell 

Signaling, 

Australia  

 

Secondary antibodies 

 

Horseradish peroxidase (HRP) 

IgG (H+L)  

Anti-mouse 1: 5000 Abcam, 

Australia 

Horseradish peroxidase (HRP) 

IgG (H+L)  

Anti-rabbit 1: 5000 Abcam, 

Australia 
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2.4 Results 

 

2.4.1 Effects of Treatments on Clinical Symptoms 

  

2.4.1.1 Effect of Treatments on Body Weights  

 

Mice without cancer were weighed throughout the experimental period to assess 

their general health and wellbeing as well as to detect any adverse effects of the 

IRI and APX3330 treatments on body weight. Mice without CRC were randomly 

allocated into three groups that received treatments for 2 weeks following 3 days of 

the acclimatisation period (Table 2.1). Untreated mice without cancer continued to 

gain weight throughout the experimental period with 11.9 ± 0.5%, P<0.01 weight 

gain at day 15 from the start of the treatment compared to day 1 (Figure 2.2A). 

APX3330-treated mice without CRC also gained weight during the treatment period 

with an average weight gain of 7.9 ± 0.1%, P<0.01 at day 15 compared to day 1. 

IRI-treated mice did not gain weight throughout the treatment period with an 

average weight loss of –1.75 ± 0.8%, P<0.05 at day 15 compared to day 1. The 

average body weight of IRI-treated mice (22.8 ± 0.7g) was significantly lower at day 

15 of treatment compared to untreated (27.0 ± 0.8g, P<0.01) and APX3330-treated 

(26.1 ± 0.7g, P<0.05) mice (n=5 mice/group) (Figure 2.2B).  

 

Tumour-bearing mice were randomly divided into 4 groups that received treatments 

for 14 days starting on day 6 post CRC induction surgery (Table 2.1). Mice treated 

with two vehicles gradually gained weight during the treatment period with 8.1 ± 

1.3%, P<0.01 weight gain at day 15 compared to day 1 (Figure 2.3A). Repeated in 

vivo administration of IRI did not gain weight like other groups in CRC-induced mice 

after a 14-day treatment period compared to day 1 (-1.2 ± 1.8%, P<0.05). APX3330 

+ VEH-treated mice with CRC gained weight by 4.4 ± 1.2%, P<0.01 at day 15. A 

combination of IRI and APX3330 treatment increased body weight by 3.4 ± 0.6% 

(P<0.01) at day 15 compared to day 1. The average body weight of IRI-treated mice 

with CRC at day 15 was 22.2 ± 0.5g, which was lower than VEH + VEH-treated 
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mice (26.8 ± 0.5g, P<0.0001), APX3330 + VEH-treated mice (25.3 ± 0.4, P<0.01) 

and combination of APX3330 + IRI-treated mice (24.8 ± 0.5g, P<0.01) (Figure 

2.3B). The body weight of APX3330 + VEH-treated mice was lower compared to 

VEH + VEH-treated mice (P<0.05). VEH + VEH-treated mice demonstrated 

significantly higher average body weight at day 15 due to rapid growth of tumours 

in the abdominal cavity (n=4-5 mice/group).  

 

2.4.1.2 Effect of Treatments on the Faecal Water Content  

 

To define the faecal water content, as a measurement of symptoms of diarrhoea or 

constipation, fresh faecal pellets were collected from untreated, IRI-treated and 

APX3330-treated mice before the initiation of the treatment (day 0), at day 7 and 

day 14 of treatment. Faecal water content was calculated as the percentage 

difference between wet and dry pellet weight to wet pellet weights. Before the start 

of the treatment at day 0, no differences were found in the wet and dry faecal 

weights and, therefore, faecal water content was not different between all three 

groups (untreated: 52.4 ± 2.0%, IRI-treated: 51.6 ± 1.5% and APX3330-treated: 

52.8 ± 1.0%, respectively, n=5 mice/group) (Figure 2.4A). Wet faecal pellet weight 

was significantly higher in IRI-treated mice (86.4 ± 5.5mg) in comparison with 

untreated mice without cancer (51.5 ± 6.5mg, P<0.01) and APX3330-treated mice 

(53.6 ± 3.5mg, P<0.01) at day 7. Dry faecal pellet weight was also significantly 

higher in IRI-treated mice (29.2 ± 1.1mg) compared to untreated mice without 

cancer (23.0 ± 1.8mg, P<0.05) and APX3330-treated mice (23.4 ± 1.1mg, P<0.05) 

at day 7 of the treatment. The mean faecal water content was significantly higher at 

day 7 of the treatment in the IRI-treated group (70.0 ± 2.1%) compared to untreated 

53.2 ± 3.7% (P<0.01) and APX3330-treated 52.4 ± 1.1% (P<0.01) groups (n=5 

mice/group) (Figure 2.4B). At day 14, the wet faecal weight was considerably 

increased in IRI-treated mice without cancer (97.6 ± 3.3mg), compared to untreated 

mice (52.7 ± 3.4mg, P<0.0001) and APX3330-treated mice (54.3 ± 2.6mg, 

P<0.0001). Dry faecal pellet weight was also significantly higher in IRI-treated mice 

at day 14 (29.8 ± 1.2mg) in comparison with untreated mice (23.9 ± 1.6mg, P<0.05) 
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and APX3330-treated mice (22.6 ±1.5mg, P<0.01). At day 14, the IRI-treated group 

maintained a higher level of faecal water content 72.5 ± 5.8% compared to 

untreated (54.0 ± 4.1%, P<0.05) and APX3330-treated mice without cancer (54.2 ± 

1.9%, P<0.05) (n=5 mice/group) (Figure 2.4C). Thus, faecal water content was 

significantly higher in IRI-treated mice throughout the 14-day treatment period 

indicating chronic diarrhoea. 

 

Similarly, no difference in the faecal water content was found before the start 

of the treatment in mice with CRC: VEH + VEH-treated (60.3 ± 3.0%), IRI + VEH 

(51.5 ± 3.3%), APX3330 + VEH (51.7 ± 2.3%) and combination of APX3330 + IRI-

treated (53.0 ± 2.5%) mice (n=4-5 mice/group) (Figure 2.5A). At day 7, wet faecal 

weight was significantly higher in IRI + VEH-treated mice (99.7 ± 2.2mg) when 

compared to VEH VEH-treated mice (63.7 ± 3.4mg, P<0.0001), APX3330 + VEH-

treated mice (52.2 ± 2.8mg, P<0.0001) and combination treatment of APX3330 + 

IRI (60.1 ± 3.5mg, P<0.0001). In line with wet faeces weight, dry faeces weight was 

also significantly high in IRI-treated mice (34.8 ± 1.7mg) compared to VEH + VEH-

treated mice (24.1 ± 1.1mg, P<0.01) and APX3330 + VEH-treated mice (27.4 ± 

1.8mg, P<0.05) but not combination treatment of APX3330 + IRI (29.0 ±1.8mg). 

Faecal water content in IRI + VEH-treated mice (65.1 ± 2.3%) was similar to VEH 

+ VEH-treated mice (62.1 ± 3.4%) at day 7 of treatment conforming that both groups 

had diarrhoea. Treatment with APX3330 + VEH and APX3330 + IRI reduced faecal 

water content (47.7 ± 2.5% and 52.1 ± 2.6% respectively, P<0.001 and P<0.01 

compared to IRI + VEH-treated group and P<0.01 and P<0.05 compared to VEH + 

VEH-treated group, n=4-5 mice/group) (Figure 2.5B). At day 14, wet faecal weight 

was significantly higher in IRI + VEH-treated mice (99.8 ± 3.7mg) when compared 

with VEH + VEH-treated mice (64.1 ± 2.6mg), APX3330 + VEH-treated mice (54.9 

± 2.8mg) and combination treatment of APX3330 + IRI mice (57.4 ± 3.6mg) 

(P<0.0001 for all). Similarly, the dry faecal weight was also significantly higher in 

IRI + VEH-treated mice (35.6 ± 1.6mg) at day 14 as opposed to VEH + VEH-treated 

mice (25.4 ± 1.6mg, P<0.01), APX3330 + VEH-treated mice (28.9 ± 1.4mg, P<0.05) 

but not different compared to the APX3330 + IRI-treated group (29.3 ± 1.7mg). At 

day 14, the water content in the faecal pellets was similar in IRI + VEH-treated (64.3 
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± 1.7%) and VEH + VEH-treated (60.4 ± 3.9%) mice but significantly lower in 

APX3330 + VEH (47.4 ± 2.5%) and APX3330 + IRI (49.0 ± 2.6%) compared to VEH 

+ VEH (P<0.05 for both) and IRI + VEH (P<0.01 for both) treated mice (n=4-5 

mice/group) (Figure 2.5C). Thus, the water content was significantly higher in the 

faeces collected from IRI-treated mice on both days 7 and 14 of treatment, 

indicating chronic diarrhoea.  
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Figure 2.2 Effect of IRI and APX3330 treatment on body weight of mice without 

CRC. (A) Changes in body weight (%) during the 14-day period in mice treated with 

Irinotecan (green), APX3330 (pink), and untreated (yellow). Data at all time points 

were compared to the starting body weight at day 1, which was considered as 

100%. All values were presented as mean and ± S.D. *P<0.05, **P<0.01, n=5 

mice/group. (B) Body weight of IRI and APX3330-treated mice at day 15 compared 

to untreated mice. All values were presented as mean and ± S.E.M. *P<0.05, 

**P<0.01, n=5 mice/group. 
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Figure 2.3 Average body weight following 14 days of treatments in CRC-

induced mice. (A) Changes in body weight (%) during a 14-day treatment (starting 

at day 6 post-CRC-induction surgery) with two vehicles (a vehicle for Irinotecan plus 

a vehicle for APX3330) (yellow), Irinotecan plus a vehicle for APX3330 (green), 

APX3330 plus a vehicle for Irinotecan (purple) and APX3330 plus Irinotecan (pink). 

Data at all time points were compared to the starting body weight at day 1, which 

was considered as 100%. All values were presented as mean and ± S.D. *P<0.05, 

**P<0.01, n=5 mice/group. (B) The body weight of mice from all treatment groups 

was measured at day 15. All values were presented as mean and ± S.E.M. *P<0.05, 

**P<0.01, ****P<0.0001, n=4-5 mice/group. 
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Figure 2.4 Effects of Irinotecan and APX3330 treatment on the faecal water 

content compared to untreated mice. The wet and dry weight of the faecal pellets 

(mg) and the faecal water content (the difference between wet and dry pellet 

weights, %) before the commencement of the treatment (A), after 7 days of 

treatment (B), after 14 days of treatment (C). Data presented as mean ± S.E.M. 

*P<0.05, **P<0.001, ****P<0.0001, n=5 mice/group.  
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Figure 2.5 Effects of the treatments on the faecal water content in CRC-

induced mice. The wet and dry weight of the faecal pellets (mg) and the faecal 

water content (the difference between wet and dry pellet weights, %) before the 

commencement of the treatment (A), after 7 days of treatment (B), after 14 days of 

treatment (C). Data presented as mean ± S.E.M. *P<0.05, **P<0.001, ***P<0.001, 

****P<0.0001, n=4-5 mice/group.  
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2.4 2 Anti-Inflammatory and Neuroprotective Properties of APX3330  

 

 

2.4.2.1 Effects of Treatments on Faecal Lipocalin-2 Levels  

 

The concentration of neutrophil gelatinase-associated protein, lipocalin-2 (LCN-2), 

a highly sensitive biomarker of intestinal inflammation and it has been used as a 

reliable biomarker to assess intestinal inflammation in auto-immune diseases that 

affect the central nervous system (Bachman et al., 2009, Chassaing et al., 2012, 

Yadav et al., 2022). The level of LCN-2 in the faecal matter has been used as a 

biomarker to assess the disease severity of spontaneous colitis development in IL-

10 deficient mice (Chassing et al., 2012, Yadav et al., 2022). Faecal LCN-2 level 

was assessed in the faeces to investigate immune cell infiltration and inflammation 

in the gastrointestinal tract. Faecal LCN-2 levels did not show significant difference 

at day 0 of the treatment in IRI-treated mice without cancer (356.3 ± 7.4pg/mL) 

compared to untreated mice (371.0 ± 2.0pg/mL) and APX3330-treated mice (344.9 

± 7.2pg/mL) (n=5 mice/group) (Figure 2.6A). Faecal LCN-2 level was significantly 

higher at day 7 of the treatment with an average of 440.8 ± 5.0pg/mL in IRI-treated 

mice compared to untreated mice without cancer (374.7 ± 4.8pg/mL, P<0.001) and 

APX3330-treated mice (358.8 ± 11.3pg/mL, P<0.0001) (n=5 mice/group) (Figure 

2.6B). Faecal LCN-2 level was increased at day 14 of the treatment in IRI-treated 

mice with an average level of 476.0 ± 6.6 pg/mL compared to untreated mice (372.0 

± 3.0pg/mL, P<0.0001) and APX3330-treated mice (340.0 ± 7.1pg/mL, P<0.0001) 

(n=5 mice/group) (Figure 2.6C). APX3330-treated mice had the lowest LCN-2 level 

at day 14 of treatment indicating the anti-inflammatory effects of the treatment. 

 

In comparison to mice without CRC, all treatment groups of mice with CRC 

had significantly high levels of LCN-2 at day 0: 660.9 ± 32.7pg/mL in VEH + VEH-

treated CRC mice, 654.1 ± 20.8 pg/mL in IRI + VEH-treated CRC mice, 644.7 ± 

33.9 pg/mL in APX3330 + VEH-treated CRC mice and 611.7 ± 21pg/mL in IRI + 

APX3330-treated CRC mice indicating immune response to cancer development 
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(Figure 2.7A). Faecal LCN-2 levels of VEH + VEH-treated (562.7 ± 15.8 pg/mL) 

and IRI + VEH-treated (559.2 ± 23.8pg/mL) mice with CRC showed higher values 

of LCN-2 at day 7 of the treatment that were not statistically different between these 

groups indicating elevated intestinal inflammation associated with cancer pathology 

(Figure 2.7B). Treatment with APX3330 + VEH and APX3330 + IRI reduced the 

LCN-2 levels to 469.8 ± 17.3pg/mL and 460.6 ± 23.7pg/mL, respectively, compared 

to IRI + VEH-treated and VEH + VEH-treated groups (p<0.05 for all). At day 14, 

VEH + VEH-treated (577.3 ± 26.5pg/mL) and IRI + VEH-treated (553.7 ± 

23.6pg/mL) CRC mice showed significantly higher LCN-2 levels compared to other 

treatment groups indicating elevated intestinal inflammation associated with CRC. 

APX3330 + VEH (421.8 ± 30.4pg/mL) and APX3330 + IRI (429.0 ± 32.6pg/mL) 

treatments reduced intestinal inflammation at day 14, compared to IRI + VEH (553.7 

± 23.6pg/mL, p<0.05 for both) and VEH + VEH-treated (577.3 ± 26.5pg/mL, p<0.01 

for both) mice denoting the anti-inflammatory properties of the treatment (n=4-5 

mice/group) (Figure 2.7C). Results indicate that Irinotecan-treated cancer-free 

mice had elevated faecal LCN-2 level on day 7 and 14 indicating a correlation 

between Irinotecan-induced intestinal inflammation. Regardless of the treatment 

group, CRC-induced mice had elevated levels of faecal LCN-2, indicating cancer 

pathology-related intestinal inflammation. Furthermore, VEH + VEH-treated and IRI 

+ VEH-treated CRC-induced mice had significantly higher faecal LCN-2 levels 

compared to APX3330 + VEH-treated and APX3330 + IRI-treated tumour bearing 

mice. Significant changes in faecal LCN-2 level between treatment groups in both 

cancer-free and tumour-bearing mice provides biologically significant information 

regarding intestinal inflammation associated with different treatments as well as the 

disease pathology and severity. 

  

 

2.4.2.2 Assessment of Leukocyte Accumulation and Nerve Fibre Density 

 

  

To investigate immune cell infiltration into the distal colon, a pan leukocyte marker, 

anti-CD45 antibody, was used to label the cross-sections of the distal colon after 14 

days of administration of IRI and APX3330 in mice without CRC. The total number 
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of CD45 positive cells was counted within the 0.4mm2 area (Figure 2.8). To 

evaluate the density of the neuronal processes, cross-sections of the colon were 

labelled with anti-β-tubulin III antibody. The proportion of CD45+ immune cells to 

the density of β-tubulin III immunoreactive (IR) fibres was calculated. IRI treatment 

resulted in a significantly higher number of CD45+ cells in the distal colon (49.0 ± 

3.6 cells/area) compared to untreated mice without cancer (19.1 ± 1.5 cells/area) 

and APX3330-treated mice (20.1± 1.5 cells/area) (P<0.0001 for both) denoting 

elevated immune cell infiltration in the colons from IRI-treated mice (Figure 2.8 A-

A’’, D). On the contrary, the density of neuronal processes was considerably 

reduced in IRI-treated mice (2.0 ± 0.1 a.u) compared to untreated mice without 

cancer (3.0 ± 0.1 a.u) and APX3330-treated mice (3.0 ± 0.1 a.u) (P<0.0001 for both) 

indicating damage to neuronal processes induced by IRI treatment (Figure 2.8 B-

B’’, E). The proportion of β-tubulin III-IR fibres to CD45+ cells in the distal colon 

was notably decreased in IRI-treated mice (4.4 ± 0.3%) compared to untreated 

(18.5 ± 1.6%) and APX3330-treated (19.0 ± 2.7%) (P<0.001 for both) mice without 

cancer (n=5 mice/group) (Figure 2.8 C-C’’, F). 

 

Analysis of the immune cell infiltration into the colon in tumour-bearing mice 

at day 15 post-treatment showed that the number of CD45+ cells was significantly 

higher in both IRI + VEH-treated mice (78.0 ± 5.8 cells/area) and VEH + VEH-

treated mice (69.4 ± 2.6 cells/area) which might be due to cancer progression. 

Treatment with APX3330 + VEH and APX3330 + IRI reduced the number of CD45+ 

cells in the colon to 24.5 ± 5.0 cells/area and 29.3 ± 3.5 cells/area compared to IRI 

+ VEH and VEH + VEH-treated mice (P<0.0001 for all) (Figure 2.9 A-A’’’, D). The 

density of neuronal processes in the distal colon were significantly lower in IRI + 

VEH-treated mice (2.3 ± 0.1 a.u) in comparison with VEH + VEH-treated mice (3.1 

± 0.1 a.u, P<0.01), APX3330 + VEH-treated mice (4.4 ± 0.2 a.u, P<0.0001) and 

APX3330 + IRI (3.6 ± 0.1 a.u, P<0.0001) (Figure 2.9 B-B’’’, E). The density of β-

tubulin III-IR fibres in APX + VEH-treated mice was higher compared to VEH + VEH 

treated (P<0.0001) and APX3330 + IRI-treated (P<0.01) groups. The proportions 

of β-tubulin III-IR fibres to CD45+ cells in IRI + VEH-treated mice (3.2 ± 0.3%) was 

similar to VEH + VEH-treated mice (4.8 ± 0.2%) but significantly lower compared to 
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APX3330 + VEH-treated (19.0 ± 2.7%, P<0.001) and APX3330 + IRI-treated (14.3 

± 2.6%, P<0.01) mice (n=5 mice/group) (Figure 2.9 C-C’’’, F).The proportion of β-

tubulin III-IR fibres to CD45+ cells in both APX3330 + VEH and APX3330 + IRI 

groups was higher compared to VEH + VEH-treated group (P<0.001 and P<0.05, 

respectively) (n=4-5 mice/group). 

 

2.4.2.3 Assessment of the Level of Myeloperoxidase  

 

 

Myeloperoxidase (MPO) activation is a reliable marker of active inflammation. 

Cross-sectional preparations of the distal colon segments were labelled with an 

anti-MPO antibody to investigate the level of MPO within the 0.4mm2 area (Figure 

2.10). To evaluate the density of the neuronal processes, cross-sections of the 

colon were labelled with anti-β-tubulin III antibody. The proportion of β-tubulin III 

immunoreactive (IR) fibres to the level of MPO was calculated. IRI treatment 

resulted in a significantly higher level of MPO in the distal colon (3.1 ± 0.2 a.u) 

compared to untreated (1.4 ± 0.1 a.u, P<0.0001) and APX3330-treated (1.9 ± 1.1 

a.u, P<0.01) mice without cancer (Figure 2.10 A-A’’, D) confirming inflammation in 

the distal colons of IRI-treated mice. The density of neuronal processes was 

considerably reduced in IRI-treated mice (1.0 ± 0.1 a.u) compared to untreated (2.7 

± 0.1 a.u, P<0.0001) and APX3330-treated (2.3 ± 0.3 a.u, P<0.001) mice without 

cancer indicating damage to neuronal processes caused by IRI treatment (Figure 

2.10 B-B’’, E). The ratio of MPO levels in the distal colon to β-tubulin III-IR fibres 

was notably increased in IRI-treated mice (3.4 ± 0.6) when compared with untreated 

(0.5 ± 0.1, P<0.0001) and APX3330-treated (0.9 ± 0.1, P<0.001) mice without 

cancer (n=5 mice/group) (Figure 2.10 C-C’’, F). 

 

Analysis of the MPO levels in the colons of CRC-induced mice demonstrated 

significantly higher levels of MPO in both IRI + VEH-treated (4.8 ± 0.3 a.u) and VEH 

+ VEH-treated (4.0 ± 0.2 a.u) mice (Figure 2.11 A-A’’’, D), which is consistent with 

the data on the CD45+ immune cell infiltration in the colon of CRC mice (Figure  
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2.9). APX3330 + VEH-treated (1.3 ± 0.1 a.u) and APX3330 + IRI-treated (2.1 ± 0.3 

a.u) CRC-induced mice showed significantly reduced MPO levels in the colon 

compared to VEH + VEH (P<0.0001 and P<0.001) and IRI + VEH (P<0.0001) 

treated mice indicating anti-inflammatory properties of the treatments. The density 

of the neuronal processes in the distal colon was significantly lower in IRI-treated 

mice (2.0 ± 0.1 a.u) in comparison with VEH + VEH (3.2 ± 0.1 a.u), APX3330 + VEH 

(3.0 ± 0.1 a.u) and APX3330 + IRI (3.8 ± 0.1 a.u) treated mice (P<0.0001 for all) 

(Figure 2.11 B-B’’’, E). The ratio of MPO level to β-tubulin III-IR fibres was higher 

in IRI + VEH-treated mice (2.3 ± 0.1) and VEH + VEH-treated mice (1.3 ± 0.1) 

indicating increased damage to the neuronal processes in both groups. Treatment 

with APX3330 + VEH and APX3330 + IRI decreased the ratio of MPO level to β-

tubulin III-IR fibres (0.4 ± 0.1 and 0.6 ± 0.1, respectively) compared to VEH + VEH-

treated (P<0.0001 and P<0.001, respectively) and IRI + VEH-treated (P<0.0001 for 

both) groups (n=4-5 mice/group) (Figure 2.11 C-C’’’, F).  
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Figure 2.6 Neutrophil gelatinase-associated protein lipocalin-2 levels 

measured in the faeces from untreated, IRI-treated, and APX3330-treated mice 

without CRC. Faecal lipocalin-2 levels before treatment (A), at day 7 (B), and day 

14 (C) of IRI and APX3330 administration compared to untreated mice. Data 

presented as mean ± S.E.M.  *P<0.05, ***P<0.001, ****P<0.0001, n=5 mice/group.   
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Figure 2.7 Neutrophil gelatinase-associated protein lipocalin-2 levels 

measured in CRC-induced mice. Faecal Lipocalin-2 levels before treatment (A), 

on day 7 (B), and day 14 (C). Data presented as ± S.E.M. *P<0.05, **P<0.001, n=4-

5 mice/group.    
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Figure 2.8 Effects of treatments on the number of CD45+ immune cells and β-

Tubulin III-immunoreactive (IR) neuronal fibre density in the distal colon of 

mice without cancer. Cross-sectional preparations of the distal colon 

(20µm/section) from untreated (A), IRI-treated (A’), and APX3330-treated (A’’) mice 

without CRC were labelled with a pan leukocyte marker anti-CD45 antibody (yellow) 

to label immune cells. Neuronal fibre density is labelled with a neuronal marker anti-

β Tubulin III antibody (magenta) (B-B’’) in cross-sectional preparations of the distal 

colon. Merged images of CD45+ and β-Tubulin III immunolabeling (C-C’’). Scale 

bar = 100µm. Quantitative analysis of the number of CD45+ cells in the distal colon 

cross-sections (D), the density of β-Tubulin-IR nerve fibres of the distal colon cross-

sections (arbitrary units, a.u) (E), the proportion of β-Tubulin III immunoreactive 

fibres to CD45+ cells (F). The total number of CD45+ immune cells and the density 

of neuronal processes within a 0.4mm2 area were quantified. Data presented as 

mean ± S.E.M. ***P<0.001 ****P<0.0001, n=5 mice/group.   
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Figure 2.9 The number of CD45+ immune cells and neuronal fibre density in 

the distal colon of CRC-induced mice. Cross-sectional preparations of the distal 

colon (20µm/section) from vehicle (A), IRI+VEH-treated (A’), APX3330+VEH-

treated (A’’), and combination therapy of APX3330 + IRI treated (A’’’) mice with CRC 

labelled with a pan leukocyte marker anti-CD45 antibody (yellow). Neuronal fibre 

density in cross-sectional preparations of the distal colon labelled with a neuronal 

marker anti-β Tubulin III antibody (magenta) (B-B’’’). Merged images of CD45+ and 

β-Tubulin III Immunolabelling (C-C’’’). Scale bar = 100µm. Quantitative analysis of 

the number of CD45+ cells in the distal colon cross-sections (D), the density of β-

Tubulin-IR nerve fibres in the distal colon cross-sections (arbitrary units, a.u) (E), 

and the proportion of β-Tubulin III immunoreactive fibres to CD45+ cells (F). The 

total number of CD45+ immune cells and the density of neuronal fibres were 

quantified within a 0.4mm2   area. Data presented as mean ± S.E.M. *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001, n=4-5 mice/group.   
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Figure 2.10 The level of myeloperoxidase (MPO) and neuronal fibre density in 

the distal colon of mice without cancer. Cross-sectional preparations of the distal 

colon (20µm/section) from untreated (A), IRI-treated (A’), and APX3330-treated (A’’) 

mice labelled with an anti-MPO antibody (yellow). The neuronal fibres labelled with 

a neuronal marker, anti-β Tubulin III antibody (purple) (B-B’’). Merged images of 

MPO and β-Tubulin III immunoreactivity (C-C’’). Scale bar = 100µm. Quantitative 

analysis of the MPO level in the distal colon cross-sections (D), the density of β-

Tubulin-IR nerve fibres of the distal colon cross-sections (arbitrary units, a.u) (E), 

and the proportion of β-Tubulin III immunoreactive fibres to MPO level (F). The level 

of MPO and the density of fibres were quantified within a 0.4mm2 area. Data 

presented as mean ± S.E.M. **P<0.01, *** P<0.001, ****P<0.0001, n=5 mice/group.   
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Figure 2.11 The level of myeloperoxidase (MPO) and neuronal fibre density in 

the distal colon of CRC-induced mice. Cross-sectional preparations of the distal 

colon (20µm/section) from vehicle-treated (A), IRI-treated (A’), APX3330-treated 

(A’’), and combination therapy APX3330 + IRI-treated (A’’’) mice labelled with an 

anti-MPO antibody (yellow). The neuronal fibres labelled with a neuronal marker, 

anti-β Tubulin III antibody (purple) (B-B’’’). Merged images of MPO+ and β-Tubulin 

III Immunoreactivity (C-C’’’). Scale bar = 100µm. Quantitative analysis of the MPO 

level in the distal colon cross-sections (D), the density of β-Tubulin-IR nerve fibres 

of the distal colon cross-sections (arbitrary units, a.u) (E), and the proportion of β-

Tubulin III immunoreactive fibres to MPO level (F). The level of MPO and the density 

of neuronal fibres were quantified within a 0.4mm2 area. Data presented as mean ± 

S.E.M. *P<0.05, ***P<0.001, ****P<0.0001, n=4-5 mice/group. 
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2.4.3 Effect of the Treatments on the Total Number of Myenteric Neurons, a 

Subpopulation of Cholinergic Neurons, and Cholinergic Fibres  

 

 

2.4.3.1 Effect of Treatments on the Total Number of Myenteric Neurons and 

Cholinergic Neurons 

 

 

The enteric nervous system contains inhibitory and excitatory neurons that can be 

identified through their expression of neuronal nitric oxide synthase (nNOS) and 

choline acetyltransferase (ChAT), respectively (Furness, 2012). These excitatory 

and inhibitory enteric neurons predominately regulate gastrointestinal functions. 

Several studies have found that long-term intestinal inflammation has been 

identified as the main contributor to the damage to the enteric nervous system, 

including possible myenteric neuronal loss of up to 50% (Nurgali et al., 2007, 

Nurgali et al., 2011, Boyer et al., 2005), which may contribute to gastrointestinal 

dysfunction in the long-term. Acetylcholine is a major excitatory neurotransmitter in 

the gastrointestinal system that controls circular and smooth muscle contraction 

(Furness, 2012) and gastric secretion (Cooke, 2000). Previous research has found 

that chronic Irinotecan administration caused a significant increase in the proportion 

of ChAT-immunoreactive (IR) neurons and vesicular choline acetyltransferase 

(VAChT)-IR fibres in mice. Cholinergic neurons and cholinergic nerve fibres play an 

essential aspect in the excitatory motor innervation of the gut (Furness, 2012). 

VAChT-IR fibres facilitate essential GI tract functions such as mucus production, 

the vasomotor tone, and intestinal motility (Cervi et al., 2014). 

 

To investigate the changes in the total number of myenteric neurons in the distal 

colon, wholemount preparations of the distal colon were labelled with a pan-

neuronal marker anti-protein gene product 9.5 (PGP9.5) antibody to count neurons 

within a 0.4 mm2 area (Figure 2.12 A-A’’). In line with our previous findings 

(McQuade et al., 2017), our data demonstrate that repeated administration of IRI 

caused a significant reduction of myenteric neurons (60.0 ± 3.5 neurons/area) 
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compared to untreated (87.0 ± 6.6 neurons/area, P<0.01) and APX3330-treated 

(80.8 ± 3.5 neurons/area, P<0.05) groups. APX3330 treatment prevented the 

damage to myenteric neurons in the distal colon of mice without cancer (n=5 

mice/group) (Figure 2.12 A-A’’, E).  

 

Our previous studies demonstrated a significant increase in a sub-population 

of choline acetyltransferase (ChAT)-positive neurons following IRI treatment 

(McQuade et al., 2017). To determine if APX3330 treatment modulates these 

changes, wholemount preparations of the distal colon were labelled with an anti-

ChAT antibody. The average number of ChAT-IR neurons was higher in the IRI-

treated group (49.7 ± 2.5 neurons/area) compared to the untreated (37.9 ± 2.0 

neurons/area, P<0.05) and APX3330-treated (32.1 ± 2.8 neurons/area, P<0.001) 

groups (Figure 2.12 B-B’’, F). The proportion of ChAT-IR cells to the total number 

of PGP9.5-IR neurons in the myenteric plexus was higher in the IRI-treated group 

(84.8 ± 5.6%) compared to the untreated (45.6 ± 1.7%) and APX3330-treated (41.1 

± 3.7%) groups (P<0.0001 for both) (n=5 mice/group) (Figure 2.12 D-D’’, G).  

 

In CRC-induced cohort, IRI treatment caused significant reduction in 

myenteric neurons (62.6 ± 3.0 neurons/area) compared to APX3330 + VEH 

treatment (94.7 ± 3.2 neurons/area, P<0.0001), APX3330 + IRI treatment (88.1 ± 

4.9 neurons/area, P<0.001) and VEH + VEH treatment groups (84.3 ± 3.3 

neurons/area, P<0.01, n=5 mice/group) (Figure 2.13 A-A’’’, E). The number of 

ChAT-IR neurons in the myenteric ganglia of VEH + VEH-treated and IRI + VEH-

treated mice was similar (60.5 ± 2.2 neurons/area and 56.7 ± 2.7 neurons/area, 

respectively). Treatments with APX3330 + VEH and APX3330 + IRI significantly 

reduced the number of ChAT-IR neurons (35.0 ± 0.7 neurons/area and 36.6 ± 2.0 

neurons/area compared to VEH + VEH-treated and IRI + VEH-treated groups) 

(P<0.0001 for all) (Figure 2.13 B-B’’’, F). The proportion of ChAT-IR cells to the 

total number of PGP9.5-IR neurons in the myenteric plexus was the highest in the 

IRI + VEH-treated group (90.5 ± 0.6%) compared to VEH + VEH-treated (72.0 ± 

1.8%), APX3330 + VEH-treated (37.4 ± 1.0%) and APX3330 + IRI-treated (41.8 ± 
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1.1%) groups (P<0.0001 for all). The proportion of ChAT-IR neurons in the 

APX3330 + VEH-treated and APX3330 + IRI-treated mice was significantly lower 

compared to VEH + VEH-treated mice (P<0.0001 for both) (n=4-5 mice/group) 

(Figure 2.13 D-D’’’, G).  

 

2.4.3.2 Effect of the Treatments on Cholinergic Nerve Fibres  

 

To determine whether IRI treatment caused changes in the cholinergic fibres within 

the myenteric plexus, the wholemount preparations of the distal colon from mice 

without cancer were labelled with anti-vesicular acetylcholine transporter (VAChT) 

antibody (Figure 2.14 A-A’’). The effect of repeated in vivo administration of IRI 

and APX3330 on the density of VAChT-IR cholinergic fibres in the myenteric plexus 

was assessed within a 0.4mm2 area. The density of VAChT-IR fibres was higher in 

the IRI-treated group (27.7 ± 0.8 a.u) compared to untreated (10.9 ± 1.2 a.u) and 

APX3330-treated (9.1 ± 0.4 a.u) groups (P<0.0001 for both) (n=5 mice/group) 

(Figure 2.14 B).   

 
Similarly, the density of VAChT-IR fibres in mice with CRC was higher in the 

IRI + VEH-treated group (21.4 ± 1.0 a.u) compared to the VEH + VEH-treated (16.8 

± 1.1 a.u, P<0.01), APX3330 + VEH-treated (14.8 ± 0.1 a.u, P<0.001), and 

APX3330 + IRI-treated 14.6 ± 0.4 a.u, P<0.0001) groups (n=4-5 mice/group) 

(Figure 2.15 A-A’’’, B).   
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Figure 2.12 Effect of in vivo treatments on ChAT-IR neurons in mice without 

cancer. Wholemount preparations of the myenteric ganglia from the distal colon of 

untreated, IRI-treated, APX3330-treated mice following 14-day of in vivo treatment 

labelled with a pan-neuronal marker anti-PGP9.5 antibody (red) (A-A’’), a 

cholinergic neuronal marker, choline acetyltransferase (ChAT) (green) (B-B’’) and 

DAPI (C-C’’). Merged images (D-D’’). Scale bar = 50µm. Quantitative analysis of 

the average number of myenteric neurons immunoreactive for PGP9.5 (E), the 

average number of ChAT-immunoreactive cholinergic neurons (F), and the 

proportion of ChAT-IR neurons to the total number of PGP9.5-IR neurons (G) in the 

myenteric ganglia within 0.4 mm2 area. Data presented as mean ± S.E.M. *P<0.05, 

**P<0.01, ***P<0.001 ****P<0.0001, n=5 mice/group.   
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Figure 2.13 Effect of in vivo treatments on ChAT-IR neurons in mice with CRC. 

Wholemount preparations of the myenteric ganglia from the distal colon of CRC-

induced mice treated with two vehicles, IRI plus vehicle for APX3330, APX3330 

plus vehicle for IRI, and a combination of APX3330 and IRI for 14 days labelled with 

a pan-neuronal marker anti-PGP9.5 antibody (red) (A-A’’’), a cholinergic neuronal 

marker, choline acetyltransferase (ChAT) (green) (B-B’’’) and DAPI (C-C’’’). Merged 

images (D-D’’). Scale bar = 50µm. Quantitative analysis of the average number of 

myenteric neurons immunoreactive for PGP9.5 (E) average number of ChAT-

immunoreactive cholinergic neurons (F), the proportion of ChAT-IR neurons to the 

total number of PGP9.5-IR neurons (G) in the myenteric ganglia within 0.4 mm2 

area. Data presented as mean ± S.E.M. **P<0.01, ***P<0.001 ****P<0.0001, n=4-

5 mice/group.   
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Figure 2.14 Effect of the treatments on the density of cholinergic fibres in 

mice without cancer. Wholemount preparations of the myenteric ganglia from the 

distal colon of untreated, IRI-treated, APX3330-treated mice following 14-day in 

vivo treatment labelled with a cholinergic nerve fibre marker anti-vesicle 

acetylcholine transferase (VAChT), antibody (green) (A-A’’). Scale bar = 50µm. 

Quantitative analysis of the density of cholinergic nerve fibres immunoreactive to 

anti-VAChT antibody in the myenteric ganglia (B) within a 0.4mm2 area. Data 

presented as mean ± S.E.M. ****P<0.0001, n=5 mice/group. 
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Figure 2.15 Changes in the density of cholinergic fibres in mice with CRC. 

Wholemount preparations of the myenteric ganglia from the distal colon of mice 

treated with two vehicles, IRI plus vehicle for APX3330, APX3330 plus vehicle for 

IRI, and a combination of APX3330 and IRI for 14 days labelled with a cholinergic 

nerve fibre marker, anti-vesicle acetylcholine transferase (VAChT) (green) (A-A’’’). 

Scale bar = 50µm. Quantitative analysis of the density of cholinergic nerve fibres 

immunoreactive to anti-VAChT antibody in the myenteric ganglia (B) within a 

0.4mm2 area. Data presented as mean ± S.E.M. **P<0.01, ***P<0.001, 

****P<0.0001, n=4-5 mice/group.  
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2.4.4.1 Effect of the Treatments on APE1/Ref-1 Expression in Mice Without 

Cancer   

 

In most cells APE1/Ref-1 is found in the nucleus of the cell including cancer cells 

as well as in neurons. As a result of disease or disease progression the protein 

becomes more cytosolic than residing in the nucleus. APE1/Ref-1 abundantly 

spread throughout the intracellular space to regulate many proteins that are 

involved with cell growth, survival, metastasis, and angiogenesis. In this study we 

have found that factors such as the pathological condition of cancer as well as IRI-

induced inflammation can overstimulate the expression of APE1/Ref-1 in the cell. 

We used APX3330 as a single agent treatment as well as in combination of IRI for 

the treatment of CRC. APX3330 functions as a dual functioning molecule that has 

a redox regulation site and a DNA repair active site (Long et al., 2021, Mijit et al., 

2022). We believe that APX3330 mitigate the adverse changes that occurred in the 

cell as result of hyper-activated APE1/Ref-1 due to pathological condition of cancer 

as well as a side effect of chemotherapy via several regulatory pathways. Once the 

damaged sites are removed by various glycosylases, the repair active site of 

APE1/Ref-1 nicks the DNA backbone creating a hydroxyl and 5’dRp group aiding 

repair of the single-strand DNA damage induced by reactive oxygen species (ROS) 

(Malfatti et al., 2021). When APE1/Ref-1 proteins’ redox-active site is inhibited by 

APX3330, it prevents the activation of transcription factors such as AP-1, NFkB, 

and STAT3 (Shah et al., 2017). Thus, preventing cancer proliferation, migration, 

survival, angiogenesis, and inflammation. On the other hand, endonuclease activity 

of APX3330 prevents neuronal DNA damage and apoptosis (Heisel et al., 2021). 

Despite the positive outcomes of OXL and IRI in cancer treatment, these 

chemotherapeutic agents induce vast amounts of ROS that may contribute as a 

significant factor for DNA damage or cytotoxicity. Previous studies have found that 

OXL treatment causes the changes in APE1/Ref-1 in DRG neurons (Kelley et al., 

2016). To determine if IRI treatment is associated with changes in the APE1/Ref-1 

expression in the myenteric plexus of the distal colon, anti-Apurinic/apyrimidinic 

endonuclease-1 (APE1/Ref-1) antibody was used (Figure 2.16 A-A’’). The number 

of APE1/Ref-1 immunoreactive cells was significantly higher in the IRI-treated 
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group compared to untreated and APX3330-treated groups indicative of increased 

activation of the APE1/Ref-1. IRI treatment increased the number of APE1/Ref-1-

IR cells (59.3 ± 2.1 cells/area) compared to untreated (37.7 ± 1.6 cells/area) and 

APX3330-terated mice (40.6 ± 1.8 cells/area) (P<0.0001 for both) following 14 days 

of in vivo treatment. APX3330 treatment reduced the number of APE1/Ref-1 

immunoreactive cells in the distal colon myenteric ganglia of mice without cancer, 

similar to untreated mice (n=5 mice/group) (Figure 2.16 B).  

 

Quantitative analysis of the APE1/Ref-1 level of fluorescence in the distal 

colon myenteric ganglia is presented in Figure 2.17. The effect of in vivo IRI and 

APX3330 treatment on the APE1/Ref-1 expression per ganglia (Figure 2.17A), 

APE1/Ref-1 expression per area (0.4mm2 area) (Figure 2.17B), and the proportion 

of APE1/Ref-1-IR cells to PGP9.5 neurons per ganglion (Figure 2.17C) was 

assessed in cancer-free mice. APE1/Ref-1 expression per ganglion was 

significantly higher in IRI-treated group (17.0 ± 1.1 a.u) compared to both untreated 

(10.0 ± 0.5 a.u) and APX3330-treated (12.7 ± 0.4 a.u) groups (P<0.0001 for both). 

APX3330-treated mice also showed significantly higher APE1/Ref-1 expression per 

ganglion (12.7 ± 0.4 a.u) compared to untreated mice (10.0 ± 0.5 a.u, P<0.01). 

Similarly, APE1/Ref-1 expression per area was also significantly higher in the IRI-

treated group (6.5 ± 0.1 a.u) compared to both untreated (4.7 ± 0.2 a.u) and 

APX3330-treated (4.9 ± 0.2 a.u) (P<0.0001 for both) groups indicating a higher 

distribution of APE1/Ref-1 protein expression following IRI treatment. Data revealed 

that the IRI-treated group had the highest proportion of APE1/Ref-1: PGP 9.5 (88.1 

± 3.6%) compared to both untreated (32.3 ± 1.8%) and APX3330-treated (39.2 ± 

1.8%) mice (P<0.0001 for both) (n=5 mice/group).     

 

To assess the amount of APE1/Ref-1 protein expression in the distal colon 

of cancer-free mice, western blot analysis was performed using anti-APE1/Ref-1 

antibody (Figure 2.18). An image of the membrane merged with the ladder after 

the protein transfer step has been included in supplementary data (Figure S2.1A). 

A higher level of APE1/Ref-1 expression is an indication of increased cellular 
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oxidative stress induced by IRI treatment. Data revealed that IRI-treated mice 

exhibited the highest level of APE1/Ref-1 protein expression (1.38 ± 1.2 a.u) 

compared to untreated (0.8 ± 0.1 a.u, P<0.01) and APX3330-treated (0.9 ± 0.1 a.u, 

P<0.05) mice (n=5 mice/group).   

 

2.4.4.2 Effect of Treatments on the APE1/Ref-1 Expression in CRC-Induced 

Mice   

 

APE1/Ref-1 expression in the myenteric plexus of the distal colon was assessed 

following 14-day in vivo administration of two vehicles (VEH + VEH), APX3330 + 

VEH, IRI + VEH, and a combination of APX3330 + IRI (Figure 2.19 A-A’’’, B). The 

number of APE1/Ref-1 immunoreactive cells in APX3330 + VEH treatment (52.8 ± 

1.7 cells/area) was the lowest compared to IRI + VEH (72.9 ± 3.0 cells/area, 

P<0.001) and VEH + VEH (66.8 ± 3.0 cells/area, P<0.01) treated groups, but not 

statistically significant to APX3330 + IRI-treated group (54.9 ± 1.5 cells/area) (n=4-

5 mice/group). 

 

The quantitative analysis of the level of myenteric neurons and APE1/Ref-1 

immunofluorescence is presented in Figure 2.20. The effect of in vivo treatment 

with APX3330 + VEH, IRI + VEH, VEH + VEH, and combination of APX330 + IRI 

on the APE1/Ref-1 level of fluorescence per ganglion (A), APE1/Ref-1 expression 

per area (0.4mm2) (B), and the proportion of APE1/Ref-1-IR cells to PGP9.5 

neurons per ganglion (C) was assessed in CRC-induced mice. VEH + VEH-treated 

mice exhibited the highest APE1/Ref-1-IR expression per ganglia (21.4 ± 1.0 a.u) 

compared to APX3330 + VEH (12.7 ± 0.9 a.u, P<0.01) and APX3330 + IRI (14.5 ± 

2.0a.u, P<0.01) treated mice. IRI + VEH-treated mice also exhibited significantly 

higher APE1/Ref-1-IR expression per ganglia (20.6 ± 0.9 a.u) compared to 

APX3330 + VEH (12.7 ± 0.9 a.u, P<0.01) and APX3330 + IRI (14.5 ± 2.0a.u, 

P<0.05) treated mice. Similarly, IRI + VEH-treated mice exhibited the highest 

APE1/Ref-1 expression per area (7.9 ± 0.3 a.u) compared to APX3330 + VEH (3.4 

± 0.2 a.u, P<0.0001) and APX3330 + IRI (4.1 ± 0.7 a.u, P<0.001) treated groups. 
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VEH + VEH-treated mice also exhibited significantly higher APE1/Ref-1 expression 

per area (6.7 ± 0.5) compared to APX3330 + VEH (3.4 ± 0.2 a.u, P<0.001) and 

APX3330 + IRI (4.1 ± 0.7 a.u, P<0.01) treated mice.  IRI + VEH-treated mice had 

the highest proportion of APE1/Ref-1-IR cells to PGP9.5-IR neurons per ganglion 

(85.5 ± 2.2%) compared to VEH + VEH-treated (55.3 ± 3.4%), APX3330 + VEH-

treated (34.9 ± 2.9%) and APX3330 + IRI-treated (51.9 ± 2.8%) (P<0.0001 for all) 

groups. In contrary, APX3330 +VEH-treated mice showed the lowest proportion of 

APE1/Ref-1-IR cells to PGP9.5-IR neurons per ganglion (34.9 ± 2.9%) compared 

to VEH + VEH (55.3 ± 3.4%, P<0.001) and APX3330 + IRI (51.9 ± 2.8%, P<0.01) 

treated mice (n=4-5 mice/group). 

 

Western Blot analysis of the distal colon samples that were taken from CRC-

induced mice following 14-treatments revealed that VEH + VEH-treated mice 

exhibited the highest protein expression of APE1/Ref-1 (2.6 ± 0.2 a.u) compared to 

APX3330 + IRI (1.4 ± 0.1 a.u, P<0.01), APX3330 + VEH (1.2 ± 0.1 a.u, P<0.001) 

and IRI + VEH (1.7 ± 0.2 a.u, P<0.01) treated groups (n=4-5 mice/group) (Figure 

2.21). An image of the membrane merged with the ladder after the protein transfer 

step has been included in supplementary data (Figure S2.1B). 
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Figure 2.16 APE1/Ref-1 expression in the distal colon following 14-day 

treatment with Irinotecan and APX3330. APE1/Ref-1 immunoreactive cells in the 

myenteric ganglia of the distal colon labelled with anti- APE1/Ref-1 antibody (green) 

from untreated (A), Irinotecan-treated (A’), APX3330-treated (A’’) mice. Scale bar = 

50µm.  Quantitative analysis of the number of APE1/Ref-1-IR cells (B). The number 

of APE1/Ref-1-IR cells in the distal colon were counted per 0.4 mm2 area. Data 

presented as mean ± S.E.M., ****P<0.0001, n=5 mice/group.   
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Figure 2.17 Quantitative analysis of the APE1/Ref-1 expression in the distal 

colon myenteric ganglia of mice without cancer. APE1/Ref-1 expression per 

ganglion (A), APE1/Ref-1 expression per 0.4mm2 area (B), the proportion of 

APE1/Ref-1 cells to PGP 9.5-IR cells per ganglia (C) following 14 days of in vivo 

treatment with IRI and APX3330 compared to untreated mice. Data presented as 

mean ± S.E.M. **P<0.01, ****P<0.0001, n=5 mice/group.    
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Figure 2.18 APE1/Ref-1 protein expression in the distal colon. APE1/Ref-1 

protein (35 kDa) expression in the distal colon from mice without cancer following 

14 days of in vivo treatment with Irinotecan and APX3330 compared to untreated 

mice. An image of the membrane with the total protein loading (A), An image of the 

membrane with the target protein (B), quantitative analysis of the APE1/Ref-1 

protein expression normalised to the total protein values (C). Data presented as 

mean ± S.E.M. *P<0.05, **P<0.01, n=5 mice/group.   
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Figure 2.19 APE1/Ref-1 expression in the distal colon following 14-day 

treatments in CRC-induced mice. Wholemount preparations of the myenteric 

ganglia in the distal colon from mice treated with 2 vehicles (A), IRI plus vehicle for 

APX3330 (A’), APX3330 plus vehicle for IRI (A’’), and a combination of APX3330 + 

IRI (A’’’) labelled with anti-APE1/Ref-1 antibody (green) to label APE1/Ref-1 

immunoreactive cells. Scale bar = 50µm. Quantitative analysis of the number of 

APE1/Ref-1-IR cells (B) in the distal colon wholemount preparations was counted 

per 0.4 mm2 area. Data presented as mean ± S.E.M. *P<0.05, **P<0.01, 

***P<0.001, n=4-5 mice/group.  
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Figure 2.20 Quantitative analysis of the APE1/Ref-1 expression in the distal 

colon myenteric ganglia of CRC-induced mice. APE1/Ref-1 expression per 

ganglion (A), APE1/Ref-1 expression per 0.4mm2 area (B), the proportion of 

APE1/Ref-1-IR cells to PGP 9.5-IR cells per ganglia (C) following 14 days of in vivo 

treatment with two vehicles, IRI plus vehicle for APX3330, APX3330 plus vehicle 

for IRI and a combination of APX3330 + IRI. Data presented as mean ± S.E.M. 

*P<0.05, **P<0.01, ***P<0.001 ****P<0.0001, n=4-5 mice/group.    
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Figure 2.21 APE1/Ref-1 protein expression in the distal colon of mice with 

CRC. APE1/Ref-1 protein (35 kDa) expression in the distal colon from CRC-induced 

mice following 14-day of in vivo treatment with 2 vehicles, Irinotecan plus vehicle 

for APX3330, APX3330 plus vehicle for IRI, and combination therapy of APX3330 

+ IRI. An image of the membrane with the total protein loading (A), An image of the 

membrane with the target protein (B), quantitative analysis of the APE1/Ref-1 

protein expression normalised to the total protein values (C). Data presented as 

mean ± S.E.M. **P<0.01, ***P<0.001, n=4-5 mice/group.   
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2.4.5 Effect of the Treatments on Transcription Factors   

 

2.4.5.1 NF-ꝁB Expression  

 

To investigate changes in nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-ꝁB) protein expression following in vivo treatment with IRI and APX3330 

compared to untreated mice, the distal colon samples were assessed by Western 

blot experiments using anti-NF-ꝁB antibody. An image of the membrane with the 

total protein loading (Figure 2.22 A). Data revealed that the level of NFkB protein 

expression was significantly higher in IRI-treated mice (2.4 ± 0.03 a.u) compared to 

APX3330-treated (1.1 ± 0.1 a.u) and untreated (0.8 ± 0.1 a.u) mice (P<0.0001 for 

both) signifying elevated inflammation in the GI tract following IRI treatment (Figure 

2.22 B, C). The level of NF-ꝁB expression in APX3330-treated mice was relatively 

close to untreated group data denoting the anti-inflammatory properties of APX3330 

treatment (n=5 mice/group). An image of the membrane merged with the ladder 

after the protein transfer step has been included in supplementary data (Figure 

S2.2A).       

 

An image of the membrane with the total protein loading (Figure 2.23 A). 

NF-ꝁB protein expression in mice with CRC indicated that IRI + VEH-treated mice 

had significantly higher protein expression of NF-ꝁB (3.2 ± 0.1 a.u) compared to 

VEH + VEH (2.1  ± 0.3 a.u, P<0.01), APX3330 + VEH (0.6 ± 0.1 a.u, P<0.0001) and 

APX3330 + IRI (0.6 ± 0.1 a.u, P<0.0001) treated mice (n=4-5 mice/group) (Figure 

2.23 B, C). Thus, indicating the anti-inflammatory properties of APX3330 as well as 

the effectiveness of the combination treatment. An image of the membrane merged 

with the ladder after the protein transfer step has been included in supplementary 

data (Figure S2.2B).   

 

2.4.5.2 STAT3 and pSTAT3 Expression in Mice Without Cancer   
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To investigate changes in signal transducer and activator of transcription 3 (STAT3) 

protein expression following in vivo treatment with IRI and APX3330 compared to 

untreated mice, the STAT3 protein expression of distal colon samples was 

assessed by Western blot experiments using anti-STAT3 antibody. An image of the 

membrane with the total protein loading (Figure 2.24 A). Western blot analysis of 

the distal colon samples from mice without cancer revealed that, APX3330-treated 

group had the highest STAT3 protein expression (3.0 ± 0.1 a.u) compared to 

untreated (2.3 ± 0.1 a.u, P<0.01) and IRI-treated (1.2 ± 0.1 a.u, P<0.0001) groups 

(n=5 mice/group) (Figure 2.24 B, C). The IRI-treated group had the lowest 

expression of STAT3 in the cancer-free cohort suggesting the possibility of 

phosphorylation of STAT3 in the system. An image of the membrane merged with 

the ladder after the protein transfer step has been included in supplementary data 

(Figure S2.3A).   

 

To investigate changes in the phosphorylated signal transducer and activator 

of transcription 3 (pSTAT-3) protein expression we performed Western blot 

experiments on the distal colon of mice without cancer following 14-day in vivo 

treatments using anti-pSTAT3 antibody. The rabbit monoclonal antibody used in 

the experiment was specifically made to bind at the Tyr705 phosphorylated site of 

the STAT3 protein. An image of the membrane with the total protein loading (Figure 

2.25 A). Data revealed that IRI-treated group had significantly higher protein 

expression of pSTAT3 (3.6 ± 0.1 a.u) compared untreated (1.4 ± 0.2 a.u) and 

APX3330-treated (1.2 ± 0.1 a.u) (P<0.0001 for both) mice indicating increased 

activation of STAT3 protein into pSTAT3 state (n=5 mice/group) (Figure 2.25 B, C). 

An image of the membrane merged with the ladder after the protein transfer step 

has been included in supplementary data (Figure S2.3B).   

 

2.4.5.3 STAT3 and pSTAT3 Expression in CRC-Induced Mice 

 

An image of the membrane with the total protein loading (Figure 2.26 A). Western  
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blot analysis of the distal colon samples from CRC-induced mice revealed that IRI 

+ VEH (0.5 ± 0.1 a.u) and VEH + VEH (0.8 ± 0.1 a.u) treated groups showed 

significantly lower expression of STAT3 compared to APX3330 + IRI-treated (1.5 ± 

0.2 a.u, P<0.01, P<0.05) and APX3330 + VEH-treated (2.1 ± 0.2 a.u, P<0.0001, 

P<0.001) groups (n=4-5 mice/group) (Figure 2.26 B, C). IRI + VEH and VEH + 

VEH-treated groups showed the lowest expression of STAT3 protein expression 

indicating increased activation of the protein. An image of the membrane merged 

with the ladder after the protein transfer step has been included in supplementary 

data (Figure S2.4A).    

 

An image of the membrane with the total protein loading (Figure 2.27 A). In 

CRC-induced cohort, APX3330 + VEH-treated mice exhibited the lowest expression 

of pSTAT3 (0.9 ± 0.2 a.u) compared to IRI + VEH-treated (2.1 ± 0.3 a.u, P<0.01) 

and VEH + VEH-treated (1.7 ± 0.2 a.u, P<0.05) but not statistically significant 

compared to APX3330 + IRI-treated (1.0 ± 0.2 a.u) group indicating that APX3330 

treatment inhibited increased activation of STAT3 protein into its active 

phosphorylated state pSTAT3 (n=4-5 mice/group) (Figure 2.27 B, C). An image of 

the membrane merged with the ladder after the protein transfer step has been 

included in supplementary data (Figure S2.4B). 
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Figure 2.22 NF-ꝁB protein expression in the distal colon of mice without 

cancer. NF-ꝁB protein expression (60 kDa) in the distal colon from mice following 

14-day in vivo treatment with Irinotecan and APX3330 compared to untreated 

without cancer mice. An image of the membrane with the total protein loading (A), 

An image of the membrane with the target protein (B), quantitative analysis of the 

APE1/Ref-1 protein expression normalised to the total protein values (C). Data 

presented as mean ± S.E.M. ****P<0.0001, n=4-5 mice/group.   
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Figure 2.23 NF-ꝁB protein expression in the distal colon of CRC-induced mice. 

NF-ꝁB protein expression (60 kDa) in the distal colon from CRC-induced mice 

following 14-day in vivo treatment with 2 vehicles, Irinotecan plus vehicle for 

APX3330, APX3330 plus vehicle for IRI, and combination therapy of APX3330 + 

IRI. An image of the membrane with the total protein loading (A), An image of the 

membrane with the target protein (B), quantitative analysis of the NF-ꝁB protein 

expression normalised to the total protein values (C). Data presented as mean ± 

S.E.M. **P<0.01, ***P<0.001, ****P<0.0001, n=4-5 mice/group.   
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Figure 2.24 Signal transducer and activator of transcription 3 (STAT3) protein 

expression in the distal colon of mice without cancer. STAT3 protein (88 kDa) 

expression in the distal colon from mice following 14-day in vivo treatment with 

Irinotecan and APX3330 compared to untreated mice. An image of the membrane 

with the total protein loading (A), An image of the membrane with the target protein 

(B), quantitative analysis of the STAT3 protein expression normalised to the total 

protein values (C). Data presented as mean ± S.E.M. **P<0.01, ***P<0.001, 

****P<0.0001, n=5 mice/group. 
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Figure 2.25 Phosphorylated signal transducer and activator of transcription 3 

(pSTAT3) protein expression in the distal colon of mice without cancer. pSTAT3 

protein (88 kDa) expression in the distal colon from mice following 14-day in vivo 

treatment with Irinotecan and APX3330 compared to untreated mice. An image of the 

membrane with the total protein loading (A), An image of the membrane with the target 

protein (B), quantitative analysis of the pSTAT3 protein expression normalised to the 

total protein values (C). Data presented as mean ± S.E.M. ****P<0.0001, n=5 

mice/group. 
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Figure 2.26 Signal transducer and activator of transcription 3 (STAT3) protein 

expression in the distal colon of mice with CRC. STAT3 protein (88 kDa) 

expression in the distal colon from CRC-induced mice following 14-day in vivo 

treatment with 2 vehicles, Irinotecan plus vehicle for APX3330, APX3330 plus 

vehicle for IRI, and a combination of APX3330 + IRI. An image of the membrane 

with the total protein loading (A), An image of the membrane with the target protein 

(B), quantitative analysis of the STAT3 protein expression normalised to the total 

protein values (C). Data presented as mean ± S.E.M. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001, n=4-5 mice/group. 
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Figure 2.27 Phosphorylated signal transducer and activator of transcription 3 

(pSTAT3) protein expression in the distal colon of mice with CRC. pSTAT3 

protein (88 kDa) expression in the distal colon from mice following 14-day in vivo 

treatment with 2 vehicles, Irinotecan plus vehicle for APX3330, APX3330 plus 

vehicle for IRI, and a combination of APX3330 + IRI treated CRC-induced mice. An 

image of the membrane with the total protein loading (A), An image of the 

membrane with the target protein (B), and quantitative analysis of the pSTAT3 

protein expression was normalised to the total protein values (C). Data presented 

as mean ± S.E.M. *P<0.05, **P<0.01, n=4-5 mice/group. 
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2.4.6 Effect of the Treatments on Tumour Growth and Metastasis in the Colon  

 

2.4.6.1 Assessment of the Caecum Size, and Number of Tumours Following 

Treatments in CRC-Induced Mice  

 

The freshly resected caecums were weighed as soon as they were taken out from 

the mice to determine the variation between the sizes of the caecum between 

treatment groups. The average caecum weight of VEH + VEH-treated mice was 

significantly higher (3.2 ± 0.3g) compared to IRI + VEH-treated (2.0 ± 0.1g, P<0.01), 

APX3330 + VEH-treated (1.7 ± 0.03g, P<0.001) and APX3330 + IRI-treated (1.9 ± 

0.1g, P<0.01) mice (Figure 2.28 A-D, E). Since VEH + VEH-treated group did not 

receive any treatments, data indicated that these mice had much larger caecums 

compared to other groups APX3330 treatment significantly reduced the caecum 

size due to inhibited growth of tumours indicative of anti-tumour properties of 

APX3330 treatment (n=4-5 mice/group). 

 

 

To assess the efficacy of different treatment regimens, the tumour diameter 

and the number of tumours were quantified. VEH + VEH-treated mice had the 

biggest tumour diameter (27.0 ± 1.2mm) compared to IRI + VEH (17.3 ± 1.3mm), 

APX3330 + VEH (5.12 ± 0.5mm) and APX3330 + IRI (0 ± 0mm) (P<0.0001 for all) 

treated mice (Figure 2.28, A-D, F). Their caecums were completely consumed by 

multiple tumours by day 21 post-surgery and a many secondary tumours were 

present in the abdominal cavity. The secondary spread of the tumours was 

observed in other organs including the spleen, liver, large intestine, small intestine, 

as well as the stomach wall (Figure 2.28, A’-D’). The number of tumours present 

in the abdominal cavity were significantly higher in VEH + VEH-treated mice (70.8 

± 5.4 tumours/mouse) compared to IRI + VEH (12.6 ± 0.9 tumours/mouse), 

APX3330 + VEH (1.6 ± 0.8 tumours/mouse) and APX3330 + IRI (0 ± 0 

tumours/mouse) treated mice (P<0.0001 for all) (Figure 2.28, A’-D’, G). The 

number of tumours was not statistically significant between APX3330 + VEH (1.6 ± 
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0.8 tumours/mouse) and APX3330 + IRI (0 ± 0 tumours/mouse) treated groups 

(n=4-5 mice/group).  

 

2.4.6.2 Effect of the Treatments on VEGF Expression  

 

We have observed the secondary spread of tumours into the colon in VEH + VEH, IRI 

+ VEH, and APX3330 + VEH-treated mice had whereas mice treated with APX3330 + 

IRI did not show any signs of secondary spread of tumours following 14-days of in vivo 

treatment (Figure 2.29). The antiangiogenic potential of different treatment options 

was evaluated by the Western blot analysis of the protein expression of vascular 

endothelial growth factor (VEGF) in the distal colon by using an anti-VEGF antibody.  

An image of the membrane with the total protein loading (Figure 2.30 A). VEGF 

protein expression was significantly higher in VEH + VEH-treated mice (2.6 ± 0.1 a.u) 

compared to IRI + VEH (2.1 ± 0.1 a.u, P<0.01), APX3330 + VEH (0.4 ± 0.1 a.u, 

P<0.0001) and APX3330 + IRI (0.8 ± 0.1 a.u, P<0.0001) treated mice indicating 

increased tumour vascularisation in the VEH + VEH-treated group (Figure 2.27 B, C). 

VEGF expression in the colons from IRI + VEH-treated group was also significantly 

higher compared to APX3330 + VEH and APX3330 + IRI treated mice, indicating high 

susceptibility of developing new blood vessels in tumours thus increasing tumour 

metastasis. APX3330 + VEH-treated and APX3330 + IRI-received mice with CRC had 

the lowest level of VEGF protein expression compared to other groups indicating anti-

angiogenic and anti-tumour effectiveness of APX3330 by itself as well as a 

combination therapy with IRI (n=4-5 mice/group). An image of the membrane merged 

with the ladder after the protein transfer step has been included in supplementary data 

(Figure S2.5). 
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Figure 2.28 Effects of the treatments on tumour growth. Tumours in the 

caecums and abdominal cavity from mice treated with two vehicles (A-A’), 

Irinotecan plus vehicle for APX3330 (B-B’), APX3330 plus vehicle for IRI (C-C’), 

and a combination of APX3330 + Irinotecan (D-D’’). The average weight of the 

caecum in grams (E), the average tumour diameter (F), and the average number of 

tumours in the abdominal cavity (G) at day 21 post-surgery. Data presented as 

mean ± S.E.M. *P<0.05, **P<0.01, **P<0.001, ****P<0.0001, n=4-5 mice/group. 
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Figure 2.29 Tumour metastasis in the distal colon. Tumours in the colon from 

mice treated with two vehicles (A), Irinotecan plus vehicle for APX3330 (B), 

APX3330 plus vehicle for IRI (C), and APX3330 + Irinotecan (D). Scale bar = 

100µm.   
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Figure 2.30 Vascular endothelial growth factor (VEGF) protein expression 

following treatments in mice with CRC. VEGF protein (38-44 kDa) expression in 

the distal colon from CRC-induced mice treated with two vehicles, Irinotecan plus 

vehicle for APX3330, APX3330 plus vehicle for IRI, and combination therapy of 

APX3330 + Irinotecan for 14 days. An image of the membrane with the total protein 

loading (A), An image of the membrane with the target protein (B), quantitative 

analysis of the VEGF protein expression normalised to the total protein values (C). 

Data presented as mean ± S.E.M. *P<0.05, **P<0.01, ****P<0.0001, n=4-5 

mice/group.      
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2.5  Discussion 

 

 

This study is the first to investigate the efficacy of APX3330 as a treatment for IRI-

induced enteric neuropathy. We analysed the effects of in vivo administration of IRI 

and APX3330 on the colon myenteric plexus neurons that control GI tract motility. 

We also investigated the anti-tumour efficacy of APX3330 by itself as well as in 

combination with IRI for the treatment of colorectal cancer. IRI-induced intestinal 

inflammation and anti-inflammatory properties of APX3330 were also assessed as 

a part of the study. The results show that repeated IRI administration causes 

intestinal inflammation leading to severe diarrhoea in mice with and without cancer 

evidenced by increased levels of faecal LCN-2, and the number of CD45+ and 

MPO+ cells in the colon. APX3330 given in combination with IRI alleviated intestinal 

inflammation and chronic diarrhoea in CRC-induced mice and APX3330 treatment 

also exhibited aforementioned properties when treated with mice without cancer. 

IRI treatment caused severe weight loss in mice throughout the treatment duration 

and APX3330 treatment caused weight gain in mice similar to healthy mice at the 

same age. IRI but not APX3330 induced myenteric neuronal loss in the distal colon 

but increased the number and proportion of cholinergic ChAT-IR neurons and 

VAChT-IR nerve fibres. APX3330 treatment did not affect the number of neurons 

and changes in cholinergic neurons when administered alone in mice without CRC. 

APX3330 treatment was able to reduce the number of ChAT-IR neurons and 

VAChT-IR fibres in IRI-treated CRC-induced mice. IRI treatment was also 

associated with changes in APE/Ref-1 expression in the myenteric plexus of the 

distal colon. Wholemount preparations of the distal colon segments expressed 

fewer APE1/Ref-1-IR cells in the myenteric plexus following APX3330 and 

APX3330 + IRI combination treatment. APX3330 treatment exhibited anti-tumour 

properties by reducing/diminishing tumour growth and secondary tumour spread in 

CRC-induced mice compared to two vehicles-treated and IRI-treated mice. VEH + 

VEH-treated mice had the highest number of tumours because they did not receive 

any cancer treatments. Combination treatment of APX3330 + IRI exhibited the most 

successful outcome among all the treatment groups by completely getting rid of 

secondary tumours following 14 days of in vivo treatment. IRI-treated and vehicle-
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treated groups exhibited higher protein expression of NF-kB, VEGF, and pSTAT3 

and lower expression of STAT3, indicating tumour thriving microenvironment. 

Western blot data revealed decreased expression of NF-kB, VEGF, STAT3, and 

pSTAT3 after APX3330 and combination therapy, providing evidence that APX3330 

acts via modulation of APE1/Ref-1 regulated transcription factors associated with 

inflammation, tumour progression, metastasis, and angiogenesis.  

 

IRI treatment is associated with gastrointestinal mucositis, a common 

chemotherapy-related side-effect, that causes a debilitating impact on patients’ 

general wellbeing (Okunaka et al., 2021, Smith et al., 2020, O’Reilly et al., 2020, 

Avritscher et al, 2004). Irinotecan causes intestinal mucositis that arises as 

inflammation, epithelial degradation, and epithelial ulceration leading to acute and 

chronic diarrhoea, and causing severe weight loss in patients (McQuade et al., 

2020, Thorpe et al., 2013, Duncan and Grant, 2003, Sonis et al., 2004, Stringer et 

al., 2009d). Even though the occurrence and the severity of intestinal mucositis are 

mainly dependent on the patient and the treatment regimen, roughly 87% of patients 

reported IRI-induced acute and chronic diarrhoea (Boeing et al., 2021, 

Krishnamurthi et al., 2019, Mego et al., 2015, Rougier et al., 1998, Avritscher et al, 

2004). Our results from faecal LCN-2 analysis show that IRI causes acute and 

chronic diarrhoea in both cohorts of mice with and without cancer. Data showed 

that IRI treatment caused significantly higher faecal water content at days 7 and 14 

in both CRC-induced and mice without cancer indicating acute and chronic 

diarrhoea. APX3330 and combination treatment reversed IRI-induced acute and 

chronic diarrhoea following 14 days of in vivo administration. It is believed that crypt 

cell death is associated with acute intestinal toxicity which is caused by anti-cancer 

treatments such as IRI that triggers mucosal inflammation and breakdown of the 

mucosal barrier. However, the direct link to the phenomena is still unclear to a point 

whether the origin of intestinal mucositis arises as a result of direct cytotoxicity of 

IRI treatment, or it is mediated by a series of intermediate events that eventually 

lead to mucosal inflammation and damage (Sonis et al., 2004). Our data revealed 

that APX3330 treatment exhibited anti-inflammatory properties by reducing 

inflammation in CRC-induced mice.  
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Initiation and the progression of gastrointestinal mucositis can be subdivided 

into five sequential phases namely, initiation, upregulation, message generation, 

signalling and amplification, ulceration, and inflammation followed by the healing 

process (Sougiannis et al., 2021, Thomsen et al., 2918, Sonis, 2009, Sonis et al., 

2004, Lee et al., 2014). Previous research findings show that the healing phase 

takes approximately two weeks post-treatment to complete the proliferation and 

differentiation of gastrointestinal epithelium (Mahendran et al., 2018, Bertoglio et 

al., 2012, Sultani et al., 2012, Sonis et al., 2004, Lee et al., 2014). Nevertheless, 

even though the histopathological damages are shown to be recovered within a 

shorter period post-treatment, long term side-effects of IRI such as diarrhoea can 

last up to 10 years after cessation of the treatment (Hino et al., 2022, Lu et al., 2022, 

Di Fiore et al., 2009, Denlinger and Barsevick, 2009, Schneider et al., 2007, Numico 

et al., 2015). Similar results have been found in other studies that were conducted 

in pelvic radiation therapy where they found intestinal permeability and mucosal 

damage highest halfway through the treatment period and it starts to gradually 

improve the GI tract damage while adverse side effects of the treatment such as 

nausea, diarrhoea and abdominal pain remain throughout the treatment period 

causing severe weight loss in patients (Carratu et al., 1998, Hovdenak et al., 2000). 

Research data support the hypothesis that crypt cell death associated with radiation 

therapy is partially triggered by apoptotic endothelial lesions (Paris et al., 2001) 

whereas the intestinal dysfunction may arise as a direct or indirect consequence of 

changes in non-epithelial tissues (Sonis et al., 2004) such as GI muscle and nerve 

supply by the enteric nervous system.  

 

Acute and chronic diarrhoea is one of the main GI side effects caused by IRI 

treatment and plenty of research supports the hypothesis that IRI-related diarrhoea 

is mainly caused by inflammation and mucosal damage (Sun et al., 2020, 

Gunasegaran et al., 2020, Okunata et al., 2021, Boeing et al., 2021, Stringer et al., 

2007, Stringer et al., 2008, Stringer et al., 2009a, Stringer et al., 2009d, Gibson et 

al., 2003, Logan et al., 2008). Our data revealed that IRI treatment caused chronic 

inflammation in the gut by significantly high CD45+ Immune cells and neutrophil 

accumulation in the gut following the 14-day treatment period. Pro-inflammatory 
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cytokines such as Interleukin-1 (IL-1) and tumour necrosis factor α (TNF-α) 

(Khandia and Munjal, 2020, Mantovani et al., 2010, Rajput and Wilber, 2010, 

Lawrence, 2009, Tahara, 2008) activate transcription factors such as nuclear factor-

kB (NF-kB) that is closely related to inflammatory cascades that affect GI function. 

Previous studies have found a significant increase in NF-kB and pro-inflammatory 

cytokines in the colon between 2-12 h duration following IRI administration 

coinciding with the initiation of histological changes in the gut and he appearance 

of diarrhoea (Logan et al., 2008). Similarly, studies research conducted in rats have 

found that IRI treatment significantly upregulates the expression of pro-

inflammatory cytokines such as interferon-γ (IFN-γ) and TNF-α indicating acute 

intestinal inflammation (Pathak et al., 2015, Hu et al., 2006). Co-treatment with St. 

John’s wort significantly reduced the expression of TNF-α-mRNA in the intestine 

which was also correlated with improved intestinal lesions as well as a reduction in 

diarrhoea (Pathak et al., 2015, Hu et al., 2006), signifying the importance of IRI-

induced inflammatory response in the manifestation of diarrhoea. The results of our 

study demonstrate that APX3330 and APX3330 + IRI combination treatment 

alleviated IRI-induced diarrhoea in CRC-induced mice following 14 days of in vivo 

administration suggesting APX3330’s anti-inflammatory properties. CD45+ immune 

cell infiltration and neutrophil accumulation in the distal colon were also significantly 

reduced by the APX3330 treatment further supporting its anti-inflammatory 

properties. The anti-inflammatory effects of APX3330 treatment also evidenced by 

reduced LCN-2 levels in faeces from mice receiving APX3330 and combination 

treatment.     

    

It is believed that acute symptoms of chemotherapy-related GI side effects 

are due to mucosal damage, whereas long-term GI dysfunction and chronic 

diarrhoea are caused by the damage to the neurons that control gastric secretion 

and motility (Zaiss et al., 2021, Laforgia et al., 2021, Li et al., 2021, Addington and 

Fremier, 2016, McQuade et al., 2016, McQuade et al., 2017). Previous studies done 

by our lab have demonstrated that repeated in vivo administration of IRI caused 

enteric neuronal death up to 16% from day 7 to day 14 (McQuade et al., 2017). 

Since IRI exerts its anti-tumour efficacy by inhibiting DNA topoisomerase 1, it is 
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believed that it does not target or damage post mitotic cells such as enteric neurons 

that have completed the cell division and differentiation process. However, the 

accumulation of its active metabolite SN-38 in the intestinal mucosa is responsible 

for neurotoxicity and enterotoxicity (Soveri, 2019). IRI’s analogue camptothecin, 

that also inhibits DNA topoisomerase 1, was found to induce cortical neuronal death 

via apoptosis (Matosevic and Bosak, 2020). Camptothecin treatment induces 

chromatin condensation, plasma membrane blebbing, cytoplasmic shrinking and 

fragmentation of DNA that is consistent with the activation of the apoptotic cascade 

(Morris and Geller, 1996). Chemotherapy-induced myenteric neuronal loss in mice 

following Oxaliplatin and Cisplatin administration correlated with changes in colonic 

motility and GI transit (Wafai et al., 2013, Vera et al., 2011, Pini et al., 2016). Enteric 

neuronal damage and loss significantly contribute to long-term chemotherapy-

induced GI side-effects, and it is crucial to find an alternative treatment that has no 

or minimal damage to the enteric system neurons. APX3330 by itself or in 

combination with IRI showed neuroprotective effects in both cohorts of mice with 

and without cancer. It has increased the number of myenteric neurons in the distal 

colon when administered with IRI in CRC-induced mice. Considering the anti-

inflammatory and neuroprotective aspects, APX3330 makes a viable candidate to 

address the IRI-induced neuronal damage and mucositis.  

 

In the enteric nervous system, cholinergic neurons play a vital part in 

excitatory motor innervation in the gut (Furness, 2012, Uchiyama et al., 2021, Lake 

et al., 2013, Fung et al., 2020, Fleming et al., 2020). IRI treatment causes 

phenotypic changes in the myenteric neurons especially the cholinergic excitatory 

ChAT-IR neurons that may contribute to acute and chronic GI side effects such as 

diarrhoea. Previous studies from our lab have found that IRI treatment cause 

changes in the subpopulations of myenteric neurons immunoreactive for ChAT as 

early as 3 days and it can increase the proportion of ChAT-IR neurons up to 17% 

throughout the treatment duration followed by post-treatment (McQuade et al., 

2017) in mice without cancer. In line with our previous findings, our data revealed 

that IRI caused the increase in the number of ChAT-IR neurons in the distal colon 

following 14 days of in vivo treatment in both mice with and without cancer. Our 
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data also revealed that APX3330 treatment alone and in combination with IRI could 

reduce the number of ChAT-IR neurons in the distal colon following 14 days of 

treatment. ChAT functions as a catalytic enzyme in the process of synthesising 

acetylcholine (Okuda and Huga, 2003, von Rosenvinge et al., 2013, Wessler and 

Kirkpatrick., 2020). Acetyl and choline are utilised intracellularly to produce 

acetylcholine and the reuptake of choline from extracellular space is mainly 

controlled by the rate-limiting factor. Choline uptake is mainly dependent on three 

different transport systems, namely, high-affinity choline transporter 1 (CHT1), 

choline transporter-like1 (CTL1 and organic cation transporters (OCTs) such as 

OCT1, OCT2, and OCT3. High-affinity choline transporter-1 and organic cation 

transporter -1 have been studied in the myenteric and submucosal plexus as well 

as in the mucosal epithelium in the larger and small intestines (Chen et al., 2001, 

Harrington et al., 2010). Studies conducted in the human intestine following IRI 

treatment have revealed that various organic cation transporters are involved in 

absorbing anti-cancer medications including IRI (Shnitsar et al., 2009, Koepsell, 

2015). The researchers have also observed an increased expression of those 

transporters found in kidney carcinoma cells lymphoma cells that have an impact 

on the chemo receptivity in patients (Gupta et al., 2012, Shnitsar et al., 2009). 

However, the role of OCTs expressed in enteric neurons in IRI and APX3330 has 

yet to be explored. Our findings suggest that IRI causes increased expression in 

ChAT-IR neurons in the myenteric plexus and APX3330 treatment decrease the 

number of ChAT-IR neurons suggesting IRI treatment’s involvement in synthesising 

or induced reuptake of choline via OCTs. The role of APX3330 in choline-binding 

with the OCTs and choline transport into the neurons needs to be further 

investigated.  

 

IRI binds to the active site of acetylcholinesterase and inhibits the breakdown 

of more stable acetylcholine enzymes. Therefore, more acetylcholinesterase level 

was evident due to increased cholinergic activity of IRI leading to functional 

inhibition of the enzyme (Uchiyama et al., 2021, Elbeddini et al., 2020, Harel et al., 

2005, Dodds and Rivory, 1999). In the intracellular space, once acetylcholine is 

synthesised via the assistance of the acetylcholinesterase enzyme, it is enclosed 
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into vesicles and then transferred towards axons into the synaptic clefts so the 

neurotransmitters can be released at the axon terminals.  VAChT is the transporter 

that is responsible for acetylcholine transport into the vesicles before sending it 

towards the axon terminal to signal transmission. We observed that IRI treatment 

induced a significantly high density of VAChT-IR fibres in the myenteric plexus 

following 14 days of in vivo treatment. Our findings showed that APX3330 reduces 

the expression of VAChT-IR fibres in the distal colon in both cohorts of mice with 

and without cancer. APX3330 treatment by itself also exhibited a reduced density 

of VAChT-IR fibres and it also significantly reduced the VAChT fibre density in CRC-

induced mice. Therefore, our findings suggest that the IRI treatment causes 

cholinergic syndrome that leads to excessive amounts of acetylcholine in the enteric 

neurons that affects the physiological functions of the gut. Acetylcholine is a major 

neurotransmitter in the enteric nervous system that controls the contractions of 

circular and smooth muscle cells in the gut (Furness, 2012, Knauf et al., 2020, 

McQuilken et al., 2021, Yelleswarapu, 2021). It is also responsible for mucosal 

secretion (Cooke, 2000, Herath et al., 2020) and collectively, the acute diarrhoea 

induced by IRI treatment is mainly caused by the cholinergic syndrome in colorectal 

cancer patients (De Lisa et a., 2020, Glimelius et al., 2002, Hecht,1998). However, 

a delayed onset and long-term diarrhoea is believed to be multifactorial and mainly 

due to the damages to the enteric neurons as well as changes in secretory 

mechanism (McQuade et al., 2014, van Heerden et al., 2021, Saliba et al., 1998, 

Bleiberg and Cvitkovic, 1996).  

 

Western blot data of APE1/Ref-1 protein expression revealed that IRI 

treatment caused increased expression of APE1/Ref-1 and APX3330 treatment 

decreased APE1/Ref-1 expression. NFkB expression was also significantly higher 

in IRI-treated mice suggesting increased inflammation. APX3330 and combination 

therapy were able to reverse/reduce IRI-induced inflammation in CRC-induced 

mice. Redox inhibition of APX3330 was assessed by evaluating the expression of 

STAT3 and pSTAT3 protein expression. IRI treatment caused decreased 

expression of STAT3 and increased expression of pSTAT3 indicating downstream 

transcriptional activation of the number of cytosolic proteins that regulate 
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inflammation, tumour growth, metastasis, and angiogenesis. APX3330 treatment 

showed increased STAT3 expression and decreased pSTAT3 expression 

suggesting decreased activation of transcriptional factors associated with 

inflammation, tumour progression, and survival.  

 

Assessment of the effects of the treatments on tumour growth and 

metastasis was performed in mice with cancer. CT-26 colorectal cancer cells were 

injected into the cecum as the primary cancer induction site. Mice in the VEH + 

VEH-treated group had much larger caecum size and weight compared to IRI + 

VEH-treated, APX3330 + VEH-treated and APX3330 + IRI-treated mice. Visible 

tumours were also present in the primary tumour induction site of IRI + VEH-treated 

mice. In both APX3330 + VEH-treated and APX3330 + IRI-treated mice, the 

tumours in the caecum were barely visible. The size and the weight of the caucum 

were not significantly affected in these groups due to inhibited growth of tumours 

indicative of anti-tumour properties of APX3330 treatment.  

 

The efficacy of different treatment regimens was also assessed by 

measuring the tumour diameter and the average number of tumours following 

treatments. VEH + VEH-treated mice had the largest tumour diameter compared to 

IRI + VEH, APX3330 + VEH and APX3330 + IRI treated mice. Multiple tumours 

were present in the abdominal cavity by day 21 post-surgery. The secondary spread 

of the tumours was observed in other organs, including the spleen, liver, large 

intestine, small intestine, as well as the stomach wall. The number of tumours 

present in the abdominal cavity was significantly higher in VEH + VEH-treated mice 

due to not receiving anti-tumour medications compared to other treatment groups. 

Therefore, our data demonstrated APX3330’s antitumor properties by itself and in 

combination therapy with IRI for the treatment of colorectal cancer. 
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2.6  Conclusion 

 

  

Our study demonstrates that IRI induces intestinal inflammation that may contribute 

to myenteric neuronal loss and phenotypic changes in subpopulations in myenteric 

neurons. APX3330 treatment on the other hand was able to reverse the neuronal 

damages caused by IRI treatment and it also exhibited neuroprotective properties 

when used as a combination therapy in CRC-induced mice. IRI-induced GI 

dysfunction may associate with the increased number of cholinergic neurons and 

fibres in the colon that leads to alterations in colonic motor activity. APX3330 

reduced the number of cholinergic neurons and the density of fibres in the distal 

colon exhibiting anti-inflammatory properties of the treatment. Western blot data 

also revealed that APX3330 downregulates the expression of NFkB, and pSTAT3, 

as a part of redox inhibition of APE1/Ref-1 protein. This study demonstrates the 

neuroprotective and anti-tumour efficacy of APX3330 in combination with IRI for the 

treatment of IRI-induced GI side-effects in a preclinical model of CRC.  
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 3 
INVESTIGATING THE NEUROPROTECTIVE AND 

ANTI-CANCER EFFICACY OF APX3330 IN 

COMBINATION WITH OXALIPLATIN IN THE MURINE 

MODEL OF CRC 

 

 

                      

  

 

Wholemount preparation of the myenteric ganglia from the distal 

colon of OXL+VEH-treated mouse with CRC labelled with a pan-

neuronal marker anti-PGP9.5 antibody (red), an inhibitory neuronal 

marker, neuronal nitric oxide synthase (green) and DAPI (blue) (Scale 

bar = 50µm) 
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3.1 Summary  

  

Oxaliplatin is a third-generation platinum-based chemotherapeutic medication used 

as a first-line treatment for advanced colorectal cancer (CRC). Since the medication 

is associated with gastrointestinal side effects it often results in dose limitations and, 

in severe cases, complete cessation of the treatment. Oxaliplatin disrupts DNA 

replication and transcription by forming DNA adducts that results in ceasing the cell 

cycle (Devanabanda and Kasi, 2022, Banca et al., 2021). Moreover, Oxaliplatin 

treatment is also associated with inducing high levels of oxidative stress that leads 

to DNA damage and myenteric neuronal death in the ENS (Lee and Wen, 2021, 

Bae et al., 2021). The enteric nervous system (ENS), that governs gastric motility, 

is drastically affected by Oxaliplatin treatment and the side-effects cause by the 

drug last in the gastrointestinal system for up to 10 years post-treatment. 

Apurinic/apyrimidinic endonuclease 1/reduction-oxidation (redox) effector factor-1 

(APE1/Ref-1) is a multifunctional cytosolic protein that comprises a redox active site 

and a DNA repair active site that exerts several intracellular functions such as DNA 

damage repair caused by oxidative stress, ionising radiation, and alkylating agents 

as well as redox regulation of transcription factors that are crucial for cancer cell 

proliferation, survival, and cell growth (Kelley et al., 2019). The expression of 

APE1/Ref-1 protein has shown to be significantly increased in various cancers such 

as prostate cancer, breast cancer, pancreatic cancer, gastric cancer etc. including 

treatment-resistant tumours (Hainaut et al., 1993, Chen et al., 1994, Madhusudan 

et al., 2005, Hanson et al., 2005, Koshiji et al., 2005, Langie et al., 2007, Shahda et 

al., 2011, Gamplala et al., 2020, Mijit et al., 2021, Long et al., 2021). Targeting and 

inhibiting APE1/Ref-1 protein’s redox function provides an avenue to control 

inflammation, angiogenesis, and cellular growth in cancer. APX3330 [(2E)-2-[(4,5-

dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl) methylene]-undecanoic 

Acid, targets APE1/Ref-1 protein’s redox activity by binding to its redox-active site 

via two active sites of the protein (Kelley et al., 2012, Caston et al., 2021). Recent 

studies demonstrated that APX3330 exerts anti-inflammatory, neuroprotective, and 

tumour suppressive effects in dorsal root ganglion (DRG) neurons (Kelley and 

Fehrenbacher, 2017). The focus of this study is to investigate the neuroprotective 
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and anti-tumour efficacy of APX3330 against Oxaliplatin-induced damage to the 

myenteric neurons of the ENS and to investigate the molecular mechanisms of 

APX3330 that modulate its neuroprotective and anti-tumour properties. We also 

aimed to evaluate if APX3330 can reduce the side effects caused by Oxaliplatin 

when it is used as a combination therapy. In this study, we tested if APX3330 can 

decrease enteric neuronal damage caused by chronic Oxaliplatin treatment and the 

anti-tumour efficacy of APX3330 to reduce tumour progression. CT-26 murine 

colorectal cell line was used to induce cancer in the mouse caecum. The caecum 

was exteriorised and ~I million CT-26 cancer cells were injected between the inner 

and outer serosal layers of the caecum. Once the visible bulla formation occurs the 

caecum was returned to the abdomen and the abdominal muscles were restitched. 

Treatment started at day 6 post-surgery. APX3330 (25mg/kg/d) and Oxaliplatin 

(3mg/kg/d) were administered in vivo for two weeks. APX3330 was injected 

intraperitoneally two times a day with a 12-hours interval for 14 consecutive days 

and Oxaliplatin was injected every second day with a maximum of three injections 

a week for two weeks. Combination treatment was executed as per the above 

treatment schedule. Thus, the mice received both treatments during the treatment 

period. Vehicle for Oxaliplatin (sterile water, x3 times a week for two weeks) and 

vehicle for APX3330 (2% Cremophor: 2% EtOH and 96% sterile water, x2 times 

daily for two weeks) were injected into sham-treated mice intraperitoneally and 

combination therapy mice received three Oxaliplatin injections a week for two 

weeks and APX3330 treatment twice daily for two weeks. Final experiments took 

place on day 14 of treatments. Faecal samples were collected to measure the water 

content of the faeces to determine the signs of constipation or diarrhoea. Anti-

tumour efficacy of APX3330 treatment was assessed by evaluation of the size, the 

number of tumours and the secondary spread of tumours into the colon. The 

structural changes in the myenteric neurons were assessed by performing 

immunohistochemistry experiments on wholemount and cross-sectional 

preparations. Oxaliplatin-induced neuronal loss was assessed by counting the total 

number of neurons labelled with anti-protein gene product 9.5 (PGP9.5) antibody 

in the myenteric ganglia. The wholemount preparations were co-labelled with anti-

APE1/Ref-1 antibody to count the number of APE1/Ref-1-immono-reactive (IR) 

cells per area. To count the number of inhibitory myenteric neurons, the 
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wholemount preparations of the myenteric ganglia were labelled with anti-neuronal 

nitric oxide synthase (nNOS) antibody and co-labelled with a pan neuronal marker, 

PGP9.5. Western blot experiments were performed to investigate the possible 

alterations of the regulatory molecular pathways, as well as to assess cytochrome 

c levels in the distal colon. We further evaluated protein expression of signal 

transducer and activator of transcription 3 (STAT3), phospho specific signal 

transducer and activator of transcription 3 (pSTAT3) and vascular endothelial 

growth factor (VEGF) proteins in the distal colon that directly interfere with cancer 

survival, metastasis, and angiogenesis via Western blot experiments. The results 

of or study demonstrated that Oxaliplatin-treated mice lost weight throughout the 

treatment, and they had less faecal water content exhibiting constipation. APX3330-

treated and combination therapy mice gained weight after 14 days of treatment and 

they did not show any signs of constipation. Two vehicles-treated mice with CRC 

gained weight throughout the treatment period due to the rapidly growing tumours 

in the abdominal cavity. Two vehicles-treated group had the highest number and 

the weight of tumours in the CRC-induced cohort followed by the Oxaliplatin-treated 

group. APX3330-tretaed mice had small tumours at the tumour induction site and 

the combination treatment group did not have any tumours or secondary spread 

other than the visible small polyp formation at the primary tumour induction site. 

Chronic in vivo administration of Oxaliplatin resulted in an elevated level of 

cytochrome c, and increased apoptosis in the distal colon. Oxaliplatin treatment 

resulted in the loss of myenteric neurons and an increased number of neuronal nitric 

oxide synthase-immuno-reactive (nNOS-IR) neurons indicating elevated levels of 

oxidative stress. Vehicle-treated mice with CRC also showed high expression of 

nNOS-IR neurons indicating oxidative stress due to the pathological condition of 

cancer. APX3330 treatment and combination treatment alleviated the adverse side-

effects of Oxaliplatin by increasing the number of myenteric neurons and 

decreasing the expression of nNOS-IR neurons indicating decreased oxidative 

stress. Western Blot data showed that mice treated with APX3330 and combination 

of APX3330 with Oxaliplatin treatment had the lowest amount of cytochrome c 

expression, lower expression of VEGF and pSTAT3 and higher expression of 

STAT3. Cytochrome c expression was much higher in Oxaliplatin + VEH-treated 

and VEH + VEH-treated groups with CRC. Our study is the first to provide evidence 
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that APX3330 protects myenteric neurons from OXL-induced damage in the murine 

model of CRC. Furthermore, our study experimentally evaluates and supports the 

hypothesis of APE1/Ref-1 redox inhibition by APX3330, demonstrating the changes 

in the downstream transcription proteins of APE1/Ref-1. We have also 

demonstrated the APX3330’s anti-tumour efficacy by inhibiting tumour progression 

and metastasis in the murine CRC model.    

  

3.2 Introduction 

 

Oxaliplatin is a platinum-based chemotherapeutic medication that is usually 

administered by itself or with 5-fluorouracil as a first-line treatment for tumours that 

are resistant to the first and second-generation platinum-based chemotherapeutics, 

namely carboplatin and cisplatin (Raymond et al., 1998, Salat, 2020, Cavaletti and 

Marmiroli, 2020, Schoch et al., 2020, Dembic, 2020). When Oxaliplatin is used with 

other chemotherapeutic drugs it showed enhanced therapeutic efficacy than using 

Oxaliplatin alone (Mani et al., 2000, Andre et al., 2004, De Gramont et al., 2007, 

Cremolini et al., 2020, Ramasubbu et al., 2021, Avellone et al., 2021).  

 

Oxaliplatin exerts its therapeutic potential by binding to cellular DNA, forming 

cross-links that results in inhibiting DNA replication, transcription and arrest of the 

cell cycle causing cell death (Devanabanda and Kasi, 2022, Sehgal, 2016, Al-

Batran et al., 2019). Oxaliplatin forms platinum-DNA adducts that bind to the 

unwinding DNA strands in the mitotic cells which trigger the suspension of the cell 

cycle and lead dividing cells to the apoptotic pathway (Graham et al., 2000, Chou 

et al., 2002, Goodisman et al., 2006). Recent studies have found that the 

accumulation of these platinum adducts is associated with damage to sensory 

neurons (Chou et al., 2000, Gros et al., 2004, Al-Batran et al., 2019, Abraham et 

al., 2021). Even though Oxaliplatin treatment is cytotoxic it is less toxic to the newly 

generating blood cells and the renal system compared to cisplatin and carboplatin 

treatments (Raymond et al., 1998). Nevertheless, Oxaliplatin induces acute and 
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delayed peripheral neuropathies along with gastrointestinal dysfunctions 

(Stojanovska et al., 2014, Shigematsu et al., 2020, Bouchenaki et al., 2021).     

 

Oxaliplatin induces severe gastrointestinal side effects including nausea, 

vomiting, constipation, and /or diarrhoea, and stomach cramps. These side-effects 

are the predominant cause of dose limitation, and in severe cases, the treatment. 

Patients undergoing high-dose chemotherapy and roughly 40% of patients 

undergoing standard-dose chemotherapy experience bloating, ulceration, pain, 

vomiting, diarrhoea, and/or constipation across the duration of the treatment 

(McQuade et al., 2014, McQuade et al., 2020). Therefore, finding an efficient and 

tolerable treatment presents itself as a challenging factor for advanced stage and 

treatment-resistant cancers (Verstappen et al., 2003, McQuade et al., 2014, Kawai 

et al., 2021).  

 

Chemotherapy-induced peripheral neuropathy (CIPN) is a serious side effect 

that can lead to the dose reduction and, thereby, affects the efficacy of the 

treatment. Patients usually experience numbness and tingling sensations, 

increased sensitiveness to touch and cold, decreased tendon reflexes, and loss of 

proprioception, especially in the hands and feet due to the damage to peripheral 

sensory neurons. A larger portion of patients undergoing chemotherapy, 

experiences tabbing, burning, and electrical sensations (Seretny et al., 2014, 

Argyriou et al., 2020). Among other chemotherapeutic medications, Oxaliplatin has 

dose-dependent toxicity on the nervous system (Alcindor and Beauger, 2011, 

Devanabanda and Kasi, 2022). It can cause acute and chronic peripheral 

neuropathy. Oxaliplatin-induced peripheral neuropathy presents with paraesthesia, 

dysesthesias, or allodynia that usually occurs around the mouth and the throat while 

the patient is receiving the treatment or after the treatment, which can also be 

triggered by being exposed to the cold. The acute symptoms usually resolve within 

a few hours to days following treatment. Paraesthesia, dysesthesia, hypoesthesia 

and decreased proprioception that develop in the distal extremities are among the 

common chronic peripheral neuropathy symptoms of Oxaliplatin treatment that is 
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seen in patients who received a cumulative dose of 780 mg/m^2 (9 doses, 10%) 

and the patients who received 1170 mg/m^2 (13 doses, 50%). Current anti-cancer 

treatments are limited by a lack of preventative or therapeutic options (Hershman 

et al., 2014, Stone et al., 2016, Hu et al., 2019, Salat, 2020). Several studies support 

the hypothesis that DNA damage induced by platinum-based drugs is a major 

contributing factor to CIPN. In addition to forming platinum-DNA adducts that cause 

neural toxicity (Ta et al., 2006, Dzagnideze et al., 2007, Kang et al., 2021, Velasco 

et al., 2021, Shou et al., 2021), platinum-based chemotherapeutics are also 

correlated with the increased formation of reactive oxygen species (ROS) that 

contributes to oxidative DNA damage and neurotoxicity (Siomek et al., 2006, 

Preston et al., 2009, Shah et al., 2017, Kelley et al., 2017, Kleith et al., 2017, Park 

et al., 2019, Cruz-Bermudez et al., 2019, Xue et al., 2020).  

 

The diverse nature of cancer reduces the treatment efficacy of many cancer-

killing treatments including Oxaliplatin. Thus, the treatments that hold the most 

effective outcomes are the ones that target multiple signalling pathways to isolate 

and diminish tumour survival pathways. APE1/Ref-1 (Apurinic/Apyrimidinic 

endonuclease 1/ Redox factor 1) is an intracellular protein that activates multiple 

transcription factors involved in cancer cell survival adding the tumour growth and 

metastasis (Tell et al., 2005, Kelley et al., 2018, Frossi et al., 2019, Caston et al., 

2021). APE1/Ref-1 is involved in multiple signalling pathways and blocking or 

controlling its activity provides the avenue to block multiple cancer survival 

pathways (Kelley et al., 2012, Codrich et al., 2019, Heisel, 2021, Li et al., 2021). 

APE1/Ref-1’s wide-ranging functions make it an attractive therapeutic target in 

cancer therapy (Kelley et al., 2019, Caston et al., 2021). In the DNA repair realm, 

APE1/Ref-1 exerts its activity via the Base Excision Repair pathway (BER) to 

mitigate DNA damage due to oxidative stress induced by either disease pathology 

such as cancer or by treatments such as chemotherapeutics (Kelley et al., 2019, 

Roychoudhury, 2019).  APE1/Ref-1 protein controls intracellular redox function by 

regulating several transcription factors such as NF-kB, AP-1, and STAT3 (Gampala 

et al., 2021, Caston et al., 2021, Kepenu and Kelley, 2021). These transcription 

factors are responsible for inflammation, and angiogenesis which in turn are 
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important factors in cancer growth and survival (Kelley et al., 2019, Kepenu and 

Kelley, 2021). Recently, the redox modulation of APE1/Ref-1 has been defined as 

a key player in disease pathology and as a target for novel therapeutic approach 

for several diseases (Caston et al., 2021). In the scope of cancer, APE1/Ref-1 plays 

a critical role in cancer cell metabolism, chemotherapy-induced peripheral 

neuropathy as well as cancer-associated inflammation (Mahmut et al., 2021). 

APE1/Ref-1 protein has been initially studied for its endonuclease capacity to repair 

damaged DNA via the BER pathway (Caston et al., 2021). In recent years, it has 

shed the light on APE1/Ref-1 in the regulation of key cellular functions including 

redox homeostasis (Chen et al., 2010, El Hadri et al., 2012, Sriramajayam et al., 

2021), inflammatory responses (Sahakian et al., 2020), mitochondrial metabolism 

(Gampala et al., 2021, Silpa et al., 2021), as well as neovascularization. APE1/Ref-

1 protein functions both in the cytoplasm as well as in the nucleus (Tell et al., 2005, 

Di Maso et al., 2007), and research have also identified its function outside of the 

cell to induce pro-inflammatory cytokine IL-6 (Nath et al., 2017). APE1/Ref-1 serum 

levels have been used as an important biomarker for several cancers inching 

bladder, hepatocellular, and oral squamous cell carcinoma (Shin et al., 2015, Choi 

et al., 2016, Pascut et al., 2019, Lee et al., 2020).  

 

APE1/Ref-1’s endonuclease activity involves repairing DNA damage caused 

by oxidative stress, alkylating agents, and ionizing radiation (Vasko et al., 2011, de 

Pontes Santos et al., 2020, Caston et a., 2021). APE1/Ref-1 is also involved in DNA 

damage repair caused by ROS (Gampala et al., 2021, Silpa et al., 2021). If the 

damage is beyond repair, genetic instability drives the cells to programmed cell 

death by activating the apoptotic cascade (Sahakian et al., 2020, Curtis et al., 

2021). APE1/Ref-1 also influences the DNA repair activities via redox modulation 

of several transcription factors.  

 

APE1/Ref-1 is the main regulator of both ubiquitous and tissue-specific 

transcription factors such as AP-1, NF-kB, Egr-1, p53, HIF1-α, CREB and PAX-5, 

PAX- 8, TTF-1, PEBP-2 (Xanthoudakis et al., 1992, Huang et al., 1993, Akamatsu 
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et al., 1997, Hirota et al., 1999, Ueno et al., 1999, Lando et al., 2000, Tell et al., 

2000, El Hadri et al., 2012, Stone et al., 2016, Hu et al., 2018, Al-Zwaini et al., 2020, 

Tang et al, 2021, Caston et al, 2021). Some of these transcription factors are 

directly involved in tumour growth, survival, metastasis, and angiogenesis. For 

instance, AP-1, NF-kB, PAX, HIF1-α, HLF, and p53 have a direct influence on 

cancer progression, and targeting APE1/Ref-1, stands a greater chance of effective 

therapeutic outcomes for the disease progression. NF-kB, AP-1, STAT3, and HIF1-

α are four main transcription factors that are under APE1/Ref-1‘s direct control 

(Evans et al., 2000, Fishel et al., 2007, Ray et al., 2009, Luo et al., 2010, Nagoya 

et al., 2014, Zhao et a., 2021, Hartman et a., 2021) and they have been identified 

as main driving forces in pancreatic cancer progression, treatment resistance and 

metastatic potential (Shin et al., 2009, Yang et al., 2009, Fishel et al., 2015, Fishel 

et al., 2016, Babu et al., 2018).  

 

Angiogenesis is one of the main factors influencing cancer progression; it 

falls under the APE1/Ref-1 redox regulation umbrella that is controlled by several 

transcription factors such as HIF1-α, NF-kB, and AP-1 (Maulik et al., 2002, Luo et 

al., 2012, Nagoya et al., 2014, Zhao et al., 2021). Recent research has identified 

the therapeutic potential of APX3330 and its analogues due to its anti-angiogenic 

properties (Nyland et al., 2010, Kelley et al., 2011, Kelley et al., 2014, Shahda et 

al., 2019, Gampala et al., 2021).  

 

Several small-molecule inhibitors that can selectively and precisely target 

APE1/Ref-1 protein’s different functional sites have been introduced in the pre-

clinical setting.  APE1/Ref-1 redox inhibitor, APX3330, has completed Phase I 

clinical trial as an anti-cancer drug for solid tumours with a good safety profile, 

verified target engagement, and approved to continue the trial to Phase II with a 

daily dose of 600mg (Caston et al., 2021). APX3330 is a novel small molecule 

compound that selectively inhibits only the redox function of APE1/Ref-1 protein. In 

this study, we aimed to investigate the efficacy of APX3330 to protect the enteric 

neurons from Oxaliplatin-induced damage and to potentiate the anti-tumour 
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effectiveness in combination with Oxaliplatin in an orthotopic model of CRC. This 

project is mainly focused on the reduction of GI side-effects associated with OXL 

and the anti-tumour efficacy of APX3330. We hypothesised that APX3330 will 

reduce inflammation-induced damage to the enteric nervous system (ENS) and 

gastrointestinal dysfunctions in the murine model of colorectal cancer (CRC). 

Furthermore, we hypothesised that the impediment of the APE1/Ref-1 redox 

signalling pathway will alleviate DNA damage as well as inflammation-related 

cellular damage. With regards to the above hypothesis, the neuroprotective and 

anti-cancer efficacy of APX3330 in combination with Oxaliplatin for the treatment of 

CRC in the murine model was further investigated as the aim of the chapter.  

 

3.3  Methods 

 

 

3.3.1 Animals  

 

Male Balb/c mice (n=35) were purchased from the Animal Resources Centre (Perth, 

Australia) and housed in groups of 5 per cage at the Western Centre for Health 

Research and Education (WCHRE) for the duration of the project. The animals were 

kept in a temperature-controlled environment at approximately 22˚C with a 12-hour 

day/night cycle with free access to food and water. The mice were allowed to 

acclimatise 3-5 days before experiments. All experiments were approved by the 

Victoria University Animal Experimentation Ethics Committee (Ethics number 

AEC19-010) and performed according to the guidelines of the National Health and 

Medical Research Council (NHMRC) Code of Practice for the Care and Use of 

Animals for Scientific Purposes.  

 

3.3.2 Cell Culture 

 

Murine colorectal cell line CT-26 cells were used to induce cancer in Balb/c mice at 

9 weeks of age. CT-26 cells were cultured in Roswell Park Memorial Institute 
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(RPMI) 1640 culture medium (Sigma-Aldrich, Castle Hill, Australia). Culture 

medium was supplemented with 10% Foetal Bovine Serum (FBS), 1% penicillin-

streptomycin, and 1% glutamine. The cells were cultured in 5% CO2 and 95% air 

atmosphere at 37˚C. Cells were grown in 75cm2 flasks and once they grow into 

confluent or semi-confluent monolayers, they were further passaged or used for the 

study. The passaged cells were washed with 1x PBS (Phosphate Buffered Saline) 

before passaging and the cells were seeded by using 0.25% trypsin. Once the cells 

reached 80-90% confluency in the flask they were separated from the bottom of the 

flask and centrifuged to obtain the condensed cells for the preparation of injections. 

Cell pellet was suspended in 1mL PBS. One part of cell suspension was mixed with 

1 part of 0.4% trypan blue and the mixture was incubated for 3 minutes in room 

temperature. A drop of cell/ trypan blue mixture was added to a hematocytometer 

and cells were counted within 3-5 minutes. Trypan Blue dye was used to determine 

the number of cells in each vial. The viability of the cells was determined by 

observing the blue colour hue on the cell surface and they were counted under a 

light microscope and used a cell counting formula to calculate the total number of 

viable cells in 1mL of media. The condensed cell lysate was mixed with 100µL of 

media and 200 µL of Matrigel to prepare for injections. 1x106 cells were mixed with 

25µL Matrigel per injection with >95% viability defined by trypan blue exclusion.  

 

3.3.3 Orthotopic Implantation of CT-26 Tumour Cells   

  

The cancer induction was performed by implanting murine CT-26 colorectal cancer 

cells into the mice caecum. Briefly, mice have received anaesthetics before 

surgeries using xylazine (10mg/kg) and ketamine (80mg/kg). The level of 

anaesthesia was checked constantly by performing paw pinch reflex tests 

especially before and during the surgery. The surgeries were performed in an 

aseptic environment and the mice were placed on a heat mat (30-36˚C) during 

surgeries to prevent heat loss. The surgical instruments were autoclaved before the 

surgeries and only opened on the operating table under an aseptic environment 

during surgeries. The abdominal area of the mice was shaved and swabbed with 
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70% ethanol followed by covering with sterile film to prepare the mice for the 

procedure.  A small abdominal incision was made along the midline to exteriorise 

the caecum and the caecum was placed on sterile gauze during the procedure. One 

million (1x106) CT-26 murine colorectal tumour cells, that were suspended in 25µL 

of Matrigel with >95% viability, was injected into the caecum using an insulin needle. 

The tumour cells were injected into the outer layer of the caecum and a visible bulla 

formation was observed. The injections were carried out in a way to prevent any 

extra-caecal fluid leakage to complete the criteria for successful injection. The 

caecum was returned to the abdominal cavity, the abdominal muscles were sutured 

using polygalaceous suture and the skin was sutured using surgical silk or 

dissolvable skin sutures. The incision area in the abdomen was swabbed with saline 

followed by sterilising with Iodine to aid the recovery process. After the surgery, the 

mice were given an analgesic, Temgesic/buprenorphine (0.05mg/kg) 

subcutaneously. After returning to the recovery cage, the mice were closely 

monitored for 1-2 hours until they were conscious and moving around the cage and 

they were returned to the animal house, and they remained there until the end of 

the treatment period.  

 

3.3.4 Treatments  

 

 

Mice without CRC (n=15/cohort) were randomly divided into three groups untreated 

(n=5), Oxaliplatin-treated (n=5), and APX3330-treated (n=5) received treatments 

twice as per the treatment plan (Table 3.1). Following CRC-induction surgery mice 

with cancer (n=18/cohort) were randomly divided into four groups including a two 

vehicles-treated group (n=5), Oxaliplatin plus vehicle for APX3330-treated (n=5), 

APX3330 plus vehicle for Oxaliplatin (OXL)-treated (n=4) and a combination of 

Oxaliplatin plus APX3330 (n=4) group (Table 3.1). All groups received treatments 

for two weeks starting from day 6 post-surgery. In the cancer-free cohort, the 

untreated group (n=5) did not receive any treatments and were subjected to final 

experiments on day 15. Oxaliplatin-treated without cancer mice received treatments 

every second day with a maximum of 3 injections per week for 14 days and 
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APX3330-treated cancer-free mice received treatments twice a day with 12 hours 

duration for 14 days. CRC-induced, two vehicles-treated (vehicle for Oxaliplatin plus 

vehicle for APX3330), Oxaliplatin plus vehicle for APX3330-treated, APX3330 plus 

vehicle for Oxaliplatin-treated, and a combination of Oxaliplatin with APX3330-

treated mice received treatments twice daily with 12-hours interval. Details of the 

treatment groups and treatment regimens are outlined in Table 3.1. Mice received 

intraperitoneal injections (IP) of Oxaliplatin (OXL) (Tocris Bioscience, UK) (3 

mg/kg/dose) (3 times a week, 2 weeks) via a 30 ½ gauge needle. OXL was 

dissolved in sterile water to make stock solutions and they were refrigerated at -

20°C until they were further diluted to make working solutions for the intraperitoneal 

injections (McQuade et al., 2016). The dose of the Oxaliplatin was calculated to 

achieve a cumulative dose corresponding to an average human dose (Reagan-

Shaw et al., 2008, Kohne et al., 2012). APX3330 (25 mg/kg) dose was given to mice 

2x daily with 12 h intervals for 14 days via intraperitoneal injections starting on the 

same day as OXL. APX3330 was dissolved in 2% Cremophor, 2% Ethanol, and 

96% sterile water, due to the poor dissolvability of APX3330. APX3330 dose was 

based on our previous study that showed neuroprotective and anti-inflammatory 

effects in mice with chronic intestinal inflammation (Sahakian et al., 2021). The 

volumes for all injections were calculated to the animal’s body weight every day with 

less than 200 µL per injection (Table 3.1).  

 

 

3.3.5 Clinical Parameters 

 

3.3.5.1 Body Weights  

 

 

Mice were weighed daily before the treatments starting three days after 

acclimatisation. They were weighed throughout the treatment period until the day 

of the final experiments. Bodyweight data were used as an indicator of their general 

health and wellbeing.  
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Table 3.1 Treatment Regimens  

 

Treatment Group Number of 
Mice  

                         Treatment 
 
 

Mice without CRC 

Untreated n=5 No Treatment 

Oxaliplatin-treated n=5  OXL: 3 mg/kg/dose (dissolved in sterile 
water) 3 times a week, 2 weeks  

APX3330-treated n=5  APX3330: 25 mg/kg/dose (dissolved in 2% 
EtOH and 96% sterile water) 2x daily with 
8 h interval, 2 weeks  

Mice with CRC 

Vehicle 1 + Vehicle 
2-treated  

n=5 Vehicle 1: sterile water 3 times a week, 2 
weeks  

Vehicle 2: 2% Cremophor: 2% EtOH and 
96% sterile water 2x daily with 8 h interval, 
2weeks   

APX3330 + 
Vehicle-treated  

 

n=4 APX3330: 25 mg/kg/dose 2x daily with 8 h 
interval, 2 weeks  

Vehicle 1: sterile water 3 times a week, 2 
weeks  

Oxaliplatin + 
Vehicle-treated  

n=5 OXL: 3 mg/kg/dose 3 times a week, 2 
weeks 

Vehicle 2: 2% Cremophor: 2% EtOH and 
96% sterile water 2x daily with 8 h interval, 
2weeks 

Oxaliplatin + 
APX3330-treated  

 

n=4 OXL: 30 mg/kg/dose 3 times a week, 2 
weeks 

APX3330: 25 mg/kg/dose 2x daily with 8 h 
interval, 2 weeks 
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3.3.5.2 Faecal Water Content 

 

 

Faecal water content was calculated by analysing the difference between wet and 

dry faecal weights. The wet weight of the faecal pallets was measured immediately 

after the sample collection. Samples were placed in a 60˚C oven overnight and then 

the dry weights of the samples were measured. Faecal water content was analysed 

before the commencement of the treatment (day 0), middle (day7), and the end of 

the treatment (day 14). Faecal water content was calculated by analysing the 

percentage difference between wet and dry faecal weights to wet pellet weights 

using the following formula: 

 

Faecal water content (%) =  Wet pellet weight – Dry pellet weight    x 100 

        Wet pellet weight   

 

 

3.3.6 Tissue Collection   

 

On day 6 post-surgery the mice started receiving Oxaliplatin, APX3330, Vehicle, or 

a combination of treatments for 14 days. After the treatments mice were culled by 

giving a lethal injection of phenobarbital. The caecum was exteriorised and 

examined for tumour growth. Samples of the caecum, distal colon, and secondary 

spread of tumour samples in the abdominal cavity were immediately snap-frozen in 

liquid nitrogen for Western blot analysis. Fresh colon samples were collected and 

processed for immunohistochemistry experiments as described below. 

 

3.3.6.1 Immunohistochemistry in Wholemount Preparations 

 

Immunohistochemistry was performed as described in Robinson et al. (2014) and  
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Wafai, et al. (2013). The distal colon tissue samples from each animal were 

collected and placed in oxygenated phosphate-buffered saline (PBS, pH7.2) that 

contained nicardipine (3µM) for 20 minutes to inhibit smooth muscle contractions. 

Wholemount preparation sample tissues were maximally stretched and pinned flat 

with the mucosal side up into the dish. Then the tissue samples were fixed with 

Zamboni’s fixative (2% formaldehyde containing 0.2 % picric acid) overnight at 4˚C. 

The next day, the tissue sections were washed with dimethyl sulfoxide (DMSO, 

Sigma-Aldrich, Australia) three times 10 minutes apart to clear off the fixative 

followed by three times ten-minute washes of phosphate-buffered saline (PBS). 

Tissue samples of the distal colon that were prepared for Immunohistochemistry 

wholemounts were then placed in 10mL of PBS+0.01g of Sodium Azide solution 

and stored at 40C for long-term storage.  

 

The tissues processed for wholemount preparations were then washed (2x5 

mins) with phosphate-buffered saline with 0.01% Triton X 100 (PBST) and then 

peeled the mucosal layer, submucosal muscle layer, and the circular muscle layer 

off to visualise the myenteric plexus of the colon. Once the longitudinal muscle-

myenteric plexus (LMMP) of the wholemount preparation is neatly dissected, the 

tissues were incubated in a humidified box with 10% normal donkey serum 

(Chemicon, USA) for 1 hour at room temperature. The tissues were then washed 

(3 x 5 mins) with PBST followed by incubating with primary antibodies (Table 3.2) 

overnight at room temperature. The following day, the tissue preparations were 

washed in PBST (3x10 min) before incubation with species-specific secondary 

antibodies (Table 3.2) that were developed to detect and bind to the primary 

antibody. The tissue sections were incubated in a dark humidified box for two hours 

at room temperature before washing in (3x10 min) PBST. After the third PBST 

wash, the sections were incubated with 4’6-diamidine-2’-phenylindole 

dihydrochloride (DAPI) (D1306, Life Technologies, Australia) for 1 minute which 

serves as a fluorescent nucleic acid stain. Tissues were then further subjected to 

PBST washes (2x10 min) and then mounted on glass slides using fluorescent 

mounting medium (DAKO).  

 



 

172 

 

Table 3.2 Primary and Secondary Antibodies Used in Wholemount 

Preparations  

Antibody 

 

Species Dilution Source 

 

Primary antibodies 

 

Pan neuronal marker anti-

PGP9.5 antibody 

 

Rabbit, 

polyclonal  

1:500 Abcam, Australia  

Apurinic/apyrimidinic 

endoneuclease-1 anti-

APE1/Ref-1 (APE-1) antibody  

Mouse, 

monoclonal 

1:1000 A gift from Prof. M. 

Kelley, Indiana 

University, 

Indianapolis, 

Indiana, US 

Neuronal nitric oxide synthase 

anti-nNOS antibody 

 

Goat, 

monoclonal 

1:500 Abcam, Australia 

 

Secondary antibodies 

 

Alexa Flour 488 

 

Anti-mouse 1:300  

Jackson 

ImmunoResearch 

laboratories,  

United States 

Alexa Flour 594 

 

Anti-rabbit 1:300 

Alexa Flour 647 

 

Anti - goat 1:300 
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3.3.6.2 Imaging  

 

Nikon Eclipse Ti laser scanning microscope (Nikon, Japan) was utilized to take 

three-dimensional images of wholemount preparations of the samples. 

Wholemount preparations of the distal colon segments were observed under the 

microscope, and 8 randomly selected images were taken using x40 objective and 

the images were processed using NIS Element Software (Nikon, Japan). Z-series 

images were taken to analyse the complete image at a step size of 1.75µm 

(1600×1200 pixels). Images were analysed by the variation of fluorescence in each 

image in comparison to the relative fluorescence of each area of the image. The 

images were then analysed by using Image J software.  

 

3.3.7 Morphometric Analysis of Tumours and Metastasis 

 

Tumour growth in the caecum and colon was assessed ex vivo macroscopically as 

well as histologically. The freshly resected caecum was weighted, and the number 

of tumours and polyps were counted where applicable. Then the caecum was 

placed in PBS and cut along the mesenteric border to expose the content. Caecum 

tissues were then pinned down mucosal side up and flushed out the content. Fresh 

caecum samples were snap-frozen for Western Blot experiments. The size, 

number, and weight of the tumours, tumour metastasis were analysed on the day 

of the tissue collection. 

 

3.3.8 Western Blot Analysis  

 

Freshly harvested segments of distal colon samples were washed with 1×PBS 

solution to flush off its content and snaped frozen until the following day. The 

following day the frozen tissue samples were homogenized with a Polytron 
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homogenizer (Kinematica AG, Lucerne, Switzerland) for 20 seconds in ice-cold 

Radioimmunoprecipitation Assay (RIPA) solution containing protease and 

phosphatase inhibitors cocktails (1:100 protease inhibitor, 1:100 phosphatase 

inhibitor) (Bio-Rad). Then the homogenate was centrifuged, and the lysate samples 

were preserved in a -800C freezer for further analysis. The exact protein 

concentration of each lysate sample was determined by the detergent compatible 

protein assay (DC protein assay) kit (Bio-Rad Laboratories, Hercules, CA, USA). 

To make Western blot working samples, equal amounts of protein samples will be 

taken from each lysate sample based on their protein concentration and they were 

dissolved in 25µL of Laemmli buffer and the rest of the volume was filled with RIPA 

Buffer to make 100µL of WB working samples. Prepared working samples were 

subjected to electrophoretic separation on sodium dodycyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) acrylamide gels to determine the expression of 

different target proteins. The protein expression was evaluated following 

electrophoretic separation, the proteins were transferred to a polyvinylidene 

difluoride (PVDF) membrane and then blocked with 5% skim milk (Tris Buffered 

Saline containing 0.1% Tween, TBST) for 1 hour followed by 4 x 5 mins TBST 

washes. The membranes were incubated overnight in a platform shaker at 40rpm 

speed with primary antibodies (Table 3.4) based on the target of interest at -40C. 

Primary antibodies were prepared in 1% Bovine Serum Albumin (BSA) (TBST, BSA, 

0.01% Sodium Azide) and 1:1000 primary antibody concertation was used 

throughout the study. Membranes were washed 4 x 5 mins washes with TBST on 

the following day and probed with horseradish peroxidase (HRP)-conjugated 

secondary antibodies (Table 3.4) in 5% skim milk solution for 2 hours at room 

temperature. Membranes were then washed with 4x 5mins TBST washes the blots 

were developed using ECL Prime Reagent (Amersham, Piscataway, NJ, USA) 

followed by imaging in a DARQ CCD camera mounted to a fusion FX Imaging 

system (Silver Lourmat, Germany). Densitometric measurements of the protein of 

interest were performed employing Fusion CAPT Advance software (Viber Lourmat, 

Germany). The signal intensity of the target protein was normalised to the signal 

intensity of the total protein loaded. The proteins extracted from distal colon 

segments from each animal were evaluated for the expression of APE1/Ref-1, 
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cytochrome c, signal transducer and activator of transcription 3 (STAT3), 

phosphorylated STAT3 (pSTAT3) and vascular endothelial growth factor (VEGF). 

 

3.3.9 Data and Statistical Analysis  

 

Image J Software (National Institute of Health, Bethesda, MD, USA) was used to 

convert images from RGB to greyscale 8-bit binary. Images were then analysed to 

attain the percentage area of immunoreactivity. All immunohistochemistry images 

and Western Blot images were quantified as per above and statistical analysis was 

performed with Prism (version 9.0v, Graph Pad Software, La Jolla, CA, USA). All 

values were represented as mean +/- standard error of the mean except the 

changes in body weight (%) during the 14-day period that was presented as mean 

+/- standard deviation of the mean (S.D.). One-way ANOVA followed by the Tukey-

Kramer post hoc tests for multiple group comparison test was used to analyse the 

differences between all groups. P<0.05 was considered significant. 
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Table 3.3 Primary and Secondary Antibodies Used for Western Blot 

Experiments 

Antibody 

 

Species Dilution Source 

 

Primary antibodies 

 

Apurinic/apyrimidinic 

endoneuclease-1 anti-APE1/Ref-1 

(APE1/Ref-1) antibody 

 

Mouse, 

monoclonal 

1:1000 Abcam, 

Australia  

Vascular endothelial growth factor 

marker anti-VEGF antibody 

 

Rabbit, 

polyclonal  

1:1000 Abcam, 

Australia 

Cytochrome c Rabbit, 

polyclonal 

1:1000 Abcam, 

Australia  

Signal transducer and activator of 

transcription 3 marker anti-STAT3 

antibody  

 

Rabbit, 

monoclonal 

1:1000 Cell 

signalling, 

Australia 

Phospho specific signal transducer 

and activator of transcription 3 

marker anti-pSTAT3 antibody  

 

Rabbit, 

monoclonal 

1:1000 Cell 

signalling, 

Australia  

 

Secondary antibodies 

 

Horseradish peroxidase (HRP) 

IgG (H+L)  

Anti-mouse 1: 5000 Abcam, 

Australia 

Horseradish peroxidase (HRP) 

IgG (H+L)  

Anti-rabbit 1: 5000 Abcam, 

Australia 
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3.4 Results 

 

3.4.1 Effects of Treatments on Clinical Symptoms  

 

3.4.1.1 Effects of Treatments on Body Weights  

 

Mice without cancer were weighed throughout the experiment period to assess their 

general health and wellbeing as well as to detect any adverse side effects of the 

OXL and APX3330 treatments on body weight. Mice without CRC were randomly 

allocated into three groups that received treatments for 2 weeks following 3 days of 

the acclimatisation period (Table 3.1). Untreated mice without cancer continued to 

gain weight throughout the experimental period with 11.9 ± 0.5%, P<0.01 weight 

gain at day 15 from the start of the treatment compared to day 1 (Figure 3.1A). 

APX3330-treated mice without CRC also gained weight during the treatment period 

with an average weight gain of 7.9 ± 0.1%, P<0.01 at day 15 compared to day 1. 

OXL-treated mice did not gain weight throughout the treatment period with an 

average weight loss of –1.3 ± 1.3%, P<0.05 at day 15 compared to day 1. The 

average body weight of OXL-treated mice (22.0 ± 0.7g) was significantly lower at 

day 15 of treatment compared to untreated (26.9 ± 0.7g, P<0.001) and APX3330-

treated (25.1 ± 0.6g, P<0.01) mice (n=5 mice/group) (Figure 3.1B).  

 

  Tumour-bearing mice were randomly divided into 4 groups that received 

treatments for 14 days starting on day 6 post CRC induction surgery (Table 3.1). 

Mice treated with two vehicles gradually gained weight during the treatment period 

with 8.1 ± 1.3%, P<0.01 weight gain at day 15 compared to day 1 (Figure 3.2A). 

Repeated in vivo administration of OXL caused significant weight loss in CRC-

induced mice after a 14-day treatment period compared to day 1 (-3.3 ± 0.4%, 

P<0.01). APX3330 + VEH-treated mice with CRC gained weight by 4.4 ± 1.3%, 

P<0.05 at day 15. A combination of OXL and APX3330 treatment increased body 

weight by 3.3 ± 0.6% (P<0.05) at day 15 compared to day 1. The average body 

weight of OXL-treated mice with CRC at day 15 was 21.4 ± 0.5g, which was lower 
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than VEH + VEH-treated mice (26.8 ± 0.5g, P<0.0001), APX3330 + VEH-treated 

mice (25.3 ± 0.4, P<0.001) and combination of APX3330 + OXL-treated mice (24.3 

± 0.6g, P<0.01) (Figure 3.2B).  The body weight of APX3330 + VEH-treated mice 

was lower compared to VEH + VEH-treated mice (P<0.05). VEH + VEH-treated 

mice demonstrated significantly higher average body weight at day 15 due to rapid 

growth of tumours in the abdominal cavity (n=4-5 mice/group).  

 

3.4.1.2 Effects of Treatments on Faecal Water Content  

 

To define the faecal water content, as a measurement of symptoms of diarrhoea or 

constipation, fresh faecal pellets were collected from untreated, OXL-treated, and 

APX3330-treated mice before the initiation of the treatment (day 0), at day 7 and 

day 14 of treatment. Faecal water content was calculated as the percentage 

difference between wet and dry pellet weight to wet pellet weights. Before the start 

of the treatment at day 0, no differences were found in the wet and dry faecal 

weights and, therefore, faecal water content was not different between all three 

groups (untreated: 52.9 ± 2.0%, OXL-treated: 54.5 ± 1.2% and APX3330-treated: 

52.8 ± 0.9%, respectively, n=5 mice/group) (Figure 3.3A). Wet faecal pellet weight 

was significantly lower in OXL-treated mice (31.9 ± 2.3mg) in comparison with 

untreated mice without cancer (51.5 ± 2.5mg, P<0.001) and APX3330-treated mice 

(53.6 ± 3.5mg, P<0.001) at day 7. Dry faecal pellet weight was also significantly 

lower in OXL-treated mice (21.6 ± 1.1mg) compared to untreated mice without 

cancer (29.0 ± 2.2mg, P<0.05) and APX3330-treated mice (30.4 ± 2.4mg, P<0.05) 

at day 7 of the treatment. The mean faecal water content was significantly lower at 

day 7 of the treatment in the OXL-treated group (32.5 ± 1.2%) compared to 

untreated 43.2 ± 2.8% (P<0.01) and APX3330-treated 43.4 ± 1.1% (P<0.01) groups 

(n=5 mice/group) (Figure 3.3B). At day 14, the wet faecal weight was considerably 

decreased in OXL-treated mice without cancer (29.8 ± 4.0mg), compared to 

untreated mice (52.7 ± 1.4mg, P<0.001) and APX3330-treated mice (54.3 ± 2.6mg, 

P<0.001). Dry faecal pellet weight was also significantly lower in OXL-treated mice 

at day 14 (21.5 ± 1.3mg) in comparison with untreated mice (29.9 ± 2.6mg, P<0.05) 
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but not significantly different from APX3330-treated mice (22.6 ±1.5mg) compared 

to OXL-treated mice. At day 14, the OXL-treated group maintained a lower level of 

faecal water content 27.7 ± 1.2% compared to untreated (43.2 ± 3.1%, P<0.001) 

and APX3330-treated mice without cancer (51.0 ± 1.9%, P<0.0001) (n=5 

mice/group) (Figure 3.3C). Thus, faecal water content was significantly lower in 

OXL-treated mice throughout the 14-day treatment period indicating chronic 

constipation. 

 

Similarly, no difference in the faecal water content was found before the start 

of the treatment in mice with CRC: VEH + VEH-treated (45.9 ± 3.0%), OXL + VEH 

(51.3 ± 2.2%), APX3330 + VEH (46.3 ± 3.3%) and combination of APX3330 + OXL-

treated (47.1 ± 1.4%) mice (n=5 mice/group) (Figure 3.4A). At day 7, wet faecal 

weight was significantly lower in OXL + VEH-treated mice (30.0 ± 1.7mg) when 

compared to VEH VEH-treated mice (59.9 ± 2.4mg, P<0.0001), APX3330 + VEH-

treated mice (51.2 ± 2.8mg, P<0.0001) and combination treatment of APX3330 + 

OXL (49.5 ± 2.5mg, P<0.001). In line with wet faeces weight, dry faeces weight was 

also significantly lower in OXL-treated mice (21.5 ± 1.1mg) compared to APX3330 

+ VEH-treated mice (31.4 ± 1.8mg, P<0.01) and combination treatment of APX3330 

+ IRI (30.4 ± 2.6mg, P<0.05) but not VEH + VEH-treated mice (28.0 ± 1.4mg, 

P<0.01). Faecal water content in OXL + VEH-treated mice (28.5 ± 1.5%) was lower 

compared to VEH + VEH (53.4 ± 2.4%, P<0.0001), APX3330 + VEH (38.8 ± 1.5%, 

P<0.01) and APX3330 + OXL (38.6 ± 1.9%, P<0.01) treated mice indicating 

constipation in OXL-treated mice (n=5 mice/group) (Figure 3.4B).  At day 14, wet 

faecal weight was significantly lower in OXL + VEH-treated mice (29.8 ± 3.0mg) 

when compared with VEH + VEH-treated mice (59.1 ± 1.6mg), APX3330 + VEH-

treated mice (58.9 ± 1.8mg) and combination treatment of APX3330 + OXL mice 

(49.5 ± 2.5mg) (P<0.0001 for all). Similarly, the dry faecal weight was also 

significantly lower in OXL + VEH-treated mice (22.2 ± 1.7mg) at day 14 as opposed 

to VEH + VEH-treated mice (31.4 ± 1.6mg, P<0.05), APX3330 + VEH-treated mice 

(32.9 ± 2.4mg, P<0.01) but not different compared to the APX3330 + OXL-treated 

group (23.7 ± 1.6mg). At day 14, the water content in the faecal pellets was 

significantly lower in OXL + VEH-treated mice (25.5 ± 2.5%) compared to VEH + 
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VEH (46.9 ± 2.9%), APX3330 + VEH (44.1 ± 1.5%) and APX3330 + OXL (52.2 ± 

1.3% (P<0.0001 for all) treated mice (n=4-5 mice/group) (Figure 3.4C). Thus, the 

water content was significantly lower in the faeces collected from OXL-treated mice 

on both days 7 and 14 of treatment, indicating chronic constipation.  
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Figure 3.1 Effect of OXL and APX3330 treatment on body weight of mice 

without cancer. (A) Changes in body weight (%) during 14-day treatment period of 

mice treated with Oxaliplatin (orange), APX3330 (red), and untreated (green). Data 

at all time points were compared to the starting body weight at day 1, which was 

considered as 100%. All values were presented as mean and ± S.D. *P<0.05, 

**P<0.01, n=5 mice/group. (B) Body weight of OXL and APX3330-treated mice at 

day 15 compared to untreated mice. All values were presented as mean and ± 

S.E.M. **P<0.01, ***P<0.001 n=5 mice/group. 
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Figure 3.2 Average body weight following 14 days of treatments in CRC-

Induced mice. (A) Changes in body weight (%) during 14-day treatment starting at 

day 6 post CRC-induction surgery with a vehicle for APX3330 plus a vehicle for 

OXL (green), Oxaliplatin plus a vehicle for APX3330 (orange), APX3330 plus a 

vehicle for OXL (red) and a combination of APX3330 plus OXL (yellow). Data at all 

time points were compared to the starting body weight at day 1, which was 

considered as 100%. All values were presented as mean and ± S.D. *P<0.05, 

**P<0.01, ***P<0.001, n=5 mice/group. (B) The body weight of mice from all 

treatment groups measured at day 15. All values were presented as mean and ± 

S.E.M. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n=4-5 mice/group. 
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Figure 3.3 Effects of Oxaliplatin and APX3330 treatment on faecal water 

content of mice without cancer. The wet and dry weight of the faecal pellets (mg) 

and the faecal water content (the difference between wet and dry pellet weights, %) 

before the commencement of the treatment (A), after 7 days of treatment (B), after 

14 days of treatment (C). Data presented as mean ± S.E.M. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001, n=5 mice/group.  
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Figure 3.4 Effects of the treatments on faecal water content in CRC-induced 

mice. The wet and dry weight of the faecal pellets (mg) and the faecal water content 

(the difference between wet and dry pellet weights, %) before the commencement 

of the treatment (A), after 7 days of treatment (B), after 14 days of treatment (C). 

Data presented as mean ± S.E.M. *P<0.05, **P<0.001, ***P<0.001, ****P<0.0001, 

n=4-5 mice/group.  
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3.4.2 Effect of the Treatments on the Total Number of Myenteric Neurons and 

Inhibitory Neurons 

 

To investigate the changes in the total number of myenteric neurons in the distal 

colon, wholemount preparations of the distal colon were labelled with pan-neuronal 

marker anti-protein gene product 9.5 (PGP9.5) antibody to count neurons within a 

0.4 mm2 area (Figure 3.5 A-A’’). Data revealed that repeated administration of 

Oxaliplatin caused myenteric neuronal loss and APX3330 treatment caused less 

damage to myenteric neurons in the distal colon in mice that did not have cancer 

(Figure 3.5 E). Repeated in vivo administration of Oxaliplatin induced myenteric 

neuronal loss in the distal colon (49.0 ± 2.3 neurons/area) compared to untreated 

(88.5 ± 1.9 neurons/area) and APX3330-treated mice (88.0 ± 4.5 neurons/area) 

(P<0.0001 for both) (n=5 mice/group).  

 

To investigate changes in subpopulations of myenteric inhibitory muscle 

motor neurons and interneurons immunoreactive for nNOS, wholemount 

preparations of the distal colons were labelled with a neuronal nitric oxide synthase 

specific anti-nNOS antibody (Figure 3.5 B-B’’) and cell nuclei marker DAPI (Figure 

3.5 C-C’’). Neurons within 0.4mm2 areas were counted. The number of nNOS 

immunoreactive neurons was the highest in Oxaliplatin-treated mice (26.8 ± 1.5 

neurons/area) compared to untreated (15.0 ± 1.5 neurons/area, P<0.001) and 

APX3330-treated (16.0 ± 2.0 neurons/area, P<0.01) mice. The proportion of nNOS-

immunoreactive neurons to the total number of PGP9.5-immunoreactive neurons 

was the highest in Oxaliplatin-treated mice (54.7 ± 1.3 %) compared to untreated 

(17.0 ± 1.8 %) and APX3330-treated (18.2 ± 2.8) (P<0.0001 for both) (n=5 

mice/group).  

  

With regards to CRC-induced mice, wholemount preparations of the distal 

colon sections were labelled with PGP9.5 (Figure 3.6 A-A’’’) and anti-nNOS 

(Figure 3.6 B-B’’’) antibodies and counterstained with DAPI (Figure 3.6 C-C’’’) to 

investigate changes in the total number of myenteric neurons, changes in 
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subpopulations of myenteric inhibitory muscle motor and interneurons 

immunoreactive for nNOS with 14 days in vivo administration of the treatments. 

Oxaliplatin treatment caused significant reduction of myenteric neurons (48.1 ± 2.5 

neurons/area) compared to VEH + VEH-treated (70.4 ± 2.2 neurons/area), 

APX3330 + VEH (78.4 ± 1.2 neurons/area) and combination treatment of APX3330 

+ OXL (88.4 ± 1.7 neurons/area) treated groups (P<0.0001 for all) (Figure 3.6 E). 

The number of nNOS-IR neurons was the highest in the OXL + VEH-treated group 

(27.8 ± 1.3 neurons/area) compared to VEH + VEH (20.6 ± 1.5 neurons/area, 

P<0.05), APX3330 + VEH (11.3 ± 1.3 neurons/area, P<0.0001) and combination of 

APX3330 + OXL (14.8 ± 1.9 neurons/area, P<0.0001) treated CRC mice (Figure 

3.6 F). The proportion of nNOS: PGP9.5 was the highest in OXL + VEH-treated 

mice (57.9 ± 2.5%) compared to VEH + VEH-treated (29.9 ± 0.8%), APX3330 + 

VEH-treated (14.5 ± 1.7%) and combination of APX3330 + OXL received (16.8 ± 

0.9%) tumour-bearing mice (P<0.0001 for all) (n=4-5 mice/group) (Figure 3.6 G).   
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Figure 3.5 Effect of in vivo treatments on neuronal nitric oxide synthase 

(nNOS)-immunoreactive neurons in mice without cancer. Wholemount 

preparations of the myenteric ganglia from the distal colon of untreated, OXL-

treated, APX3330-treated mice following 14-day of in vivo treatment labelled with a 

pan-neuronal marker anti-PGP9.5 antibody (red) (A-A’’), an inhibitory neuronal 

marker, neuronal nitric oxide synthase (green) (B-B’’) and DAPI (C-C’’). Merged 

images (D-D’’). Scale bar = 50µm. Quantitative analysis of the average number of 

myenteric neurons immunoreactive for PGP9.5 (E), the average number of nNOS-

immunoreactive inhibitory neurons (F), the proportion of nNOS-IR neurons to the 

total number of PGP9.5-IR neurons (G) in the myenteric ganglia within 0.4 mm2 

area. Data presented as mean ± S.E.M. **P<0.01, ***P<0.001, ****P<0.0001, n=5 

mice/group.   
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Figure 3.6 Effect of in vivo treatments on nNOS-IR neurons in CRC-induced 

mice. Wholemount preparations of the myenteric ganglia from the distal colon of 

mice treated with 2 vehicles, Oxaliplatin plus vehicle for APX3330, APX3330 plus 

vehicle for OXL, and a combination of APX3330 + OXL following 14 days of in vivo 

treatment labelled with a pan-neuronal marker anti-PGP9.5 antibody (red) (A-A’’’), 

an inhibitory neuronal marker neuronal nitric oxide synthase (green) (B-B’’’) and 

DAPI (C-C’’’). Merged images (D-D’’’). Scale bar = 50µm. Quantitative analysis of 

the average number of myenteric neurons immunoreactive for PGP9.5 (E), the 

average number of nNOS-immunoreactive neurons (F), the proportion of nNOS-IR 

inhibitory neurons to the total number of PGP9.5-IR neurons (G) in the myenteric 

ganglia within 0.4 mm2 area. Data presented as mean ± S.E.M. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001, n=4-5 mice/group.   
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3.4.3.1 Effect of the Treatments on APE1/Ref-1 Expression in Mice Without 

Cancer   

 

To determine if Oxaliplatin treatment is associated with changes in the APE1/Ref-1 

expression in the myenteric plexus of the distal colon, an anti-Apurinic/apyrimidinic 

endonuclease-1 (APE1/Ref-1) antibody was used (Figure 3.7 A-A’’). Data revealed 

that APX3330 treatment reduced the number of APE1/Ref-1 immunoreactive cells 

in the myenteric ganglia while OXL increased the number of APE1/Ref-1-IR cells 

following 14 days of in vivo treatment in mice without cancer. Increased expression 

of APE1/Ref-1 in the myenteric ganglia was found in OXL-treated mice (79.0 ± 1.0 

cells/area) compared to both untreated (45.4 ± 2.2 cells/area) and APX3330-treated 

(52.1 ± 1.9 cells/area) mice (P<0.0001 for both) (n=5 mice/group) (Figure 3.7 B).  

 

Quantitative analysis of the APE1/Ref-1immunoflurocence in the distal colon 

myenteric ganglia is presented in Figure 3.8. The effect of in vivo OXL and 

APX3330 treatment on the APE1/Ref-1 expression per ganglia (Figure 3.8A), 

APE1/Ref-1 expression per area (Figure 3.8B), and the proportion of APE1/Ref-1: 

PGP9.5 per ganglion (Figure 3.8C) was assessed in cancer-free mice. Data 

revealed a significantly higher expression of APE1/Ref-1 per ganglion in OXL-

treated group (23.3 ± 0.5a.u) compared to both untreated (10.0 ± 0.5a.u) and 

APX3330-treated group (12.7 ± 0.4a.u) (P<0.0001 for both). Similarly, the 

expression of APE1/Ref-1 per area was also significantly higher in OXL-treated 

mice (7.7 ± 0.6a.u) compared to untreated (4.7 ± 0.2a.u, P<0.001) and APX3330-

treated (6.3 ± 0.3a.u, P<0.05) mice at day 15 of treatments. Data revealed that the 

proportion of APE1/Ref-1: PGP9.5-IR cells was the highest in the OXL-treated 

group (98.7 ± 2.6%) due to having a higher number of APE1/Ref-1 expressing cells 

reactive to the number of neurons in the myenteric ganglia compared to both 

untreated (38.9 ± 1.5%) and APX3330-treated (50.2 ± 2.4%) mice (P<0.0001 for 

both) (n=5 mice/group).   

 



 

196 

 

To assess the amount of APE1/Ref-1 protein expression in the distal colon 

of cancer-free mice, western blot analysis was performed using anti-APE1/Ref-1 

antibody (Figure 3.9). An image of the membrane merged with the ladder after the 

protein transfer step has been included in supplementary data (Figure S3.1A). 

Western blot data of APE1/Ref-1 protein expression of the distal colon revealed that 

OXL treatment significantly increased the expression of APE1/Ref-1 protein in the 

distal colons of OXL-treated mice and a higher level of APE1/Ref-1 expression is 

an indication of increased cellular oxidative stress-induced as a side-effect of the 

OXL treatment. Western blot data revealed that APE1/Ref-1 protein expression was 

significantly lower in untreated (1.4 ± 0.1 a.u) mice compared to OXL-treated (2.1 

a.u ± 0.1 a.u, P<0.01) and APX3330-treated (1.9 a.u ± 0.2 a.u, P<0.05) mice (n=5 

mice/group).   

 

3.4.3.2 Effect of the Treatments on the APE1/Ref-1 Expression in CRC-

Induced Mice   

 

APE1/Ref-1 expression in the myenteric plexus of the distal colon was assessed 

following 14-day in vivo administration of two vehicles (VEH + VEH), APX3330 + 

VEH, OXL + VEH, and a combination of APX3330 + OXL treated CRC-induced 

mice (Figure 3.10 A-A’’’, B). The number of APE1/Ref-1 immunoreactive cells in 

APX3330 + VEH treated CRC-mice was lower (52.8 ± 1.7 neurons/area) compared 

to VEH + VEH (73.6 ± 2.5 neurons/area), OXL + VEH (76.6 ± 1.6 neurons/area) 

treated mice (P<0.0001 for both) but not significantly different compared to 

APX3330 + OXL-treated mice (56.7 ± 2.4 neurons/area) (n=4-5 mice/group). 

 

The quantitative analysis of the level of myenteric neurons and APE1/Ref-1 

immunofluorescence in CRC-induced mice is presented in Figure 3.11. OXL + 

VEH-treated mice exhibited the highest APE1/Ref-1 expression per ganglia (26.0 ± 

1.8 a.u) compared to VEH + VEH (17.4 ± 1.0 a.u, P<0.01), APX3330 + VEH (12.7 

± 0.9 a.u, P<0.0001) and APX3330 + OXL (14.9 ± 1.0a.u, P<0.0001) treated mice 
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(Figure 3.11A). Similarly, OXL + VEH-treated mice exhibited the highest APE1/Ref-

1 expression per area (8.7 ± 0.2 a.u) compared to VEH + VEH (6.7 ± 0.5 a.u, 

P<0.001), APX3330 + VEH (5.4 ± 0.1 a.u, P<0.0001) and APX3330 + OXL (5.9 ± 

0.3 a.u, P<0.0001) treated groups (Figure 3.11B). VEH + VEH-treated mice 

exhibited significantly higher APE1/Ref-1 expression per area compared to OXL + 

VEH APX3330 + VEH-treated mice. OXL + VEH-treated mice had the highest 

proportion of APE1/Ref-1-IR cells to PGP9.5-IR neurons per ganglion (98.5 ± 2.6%) 

compared to VEH + VEH-treated (80.2 ± 2.7%, P<0.001), APX3330 + VEH-treated 

(57.7 ± 2.9%, P<0.0001) and APX3330 + OXL-treated (68.9 ± 2.1%, P<0.0001) 

groups (Figure 3.11C). In contrary, APX3330 +VEH-treated mice showed the 

lowest proportion of APE1/Ref-1-IR cells to PGP9.5-IR neurons per ganglion 

compared to VEH + VEH (P<0.0001), OXL + VEH (P<0.0001) and APX3330 + OXL 

(P<0.05) treated mice (n=4-5 mice/group). 

 

Western Blot analysis of the distal colon samples that were taken from CRC-

induced mice following 14-day treatments revealed that APX3330 + VEH and 

APX3330 + OXL treatments significantly decreased the expression of APE1/Ref-1 

protein compared to other treatment groups suggesting its capacity of reducing the 

oxidative stress and therefore, less expression of APE1/Ref-1 (Figure 3.12). An 

image of the membrane merged with the ladder after the protein transfer step has 

been included in supplementary data (Figure S3.1B). Data revealed that VEH + 

VEH-treated mice (1.4 ± 0.2 a.u) showed higher APE1/Ref-1 protein expression 

compared to APX3330 + VEH (0.8 ± 0.2 a.u, P<0.001) and combination of APX3330 

+ OXL  (0.8 ± 0.1 a.u, P<0.001) treated groups but not statistically significantly 

different to OXL + VEH-treated mice (1.2 ± 0.2 a.u) (n=4-5 mice/group). 
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Figure 3.7 APE1/Ref-1 expression in the distal colon following 14-day 

treatment with Oxaliplatin and APX3330. APE1/Ref-1 immunoreactive cells in the 

myenteric ganglia of the distal colon labelled with anti-APE1/Ref-1 antibody (green) 

from untreated (A), Oxaliplatin-treated (A’), APX3330-treated (A’’) mice. Scale bar 

= 50µm. Quantitative analysis of the number of APE1/Ref-1-IR cells (B). The 

number of APE1/Ref-1-IR cells in the distal colon was counted per 0.4 mm2 area. 

Data presented as mean ± S.E.M. ****P<0.0001, n=5 mice/group.   
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Figure 3.8 Quantitative analysis of the APE1/Ref-1 expression in the distal 

colon myenteric ganglia of mice without cancer. APE1/Ref-1 expression per 

ganglion (A), APE1/Ref-1 expression per 0.4mm2 area (B), the proportion of 

APE1/Ref-1-IR cells to PGP9.5-IR cells per ganglia (C) following 14 days of in vivo 

treatment with OXL and APX3330 compared to untreated mice. Data presented as 

mean ± S.E.M. *P<0.05, **P<0.01, ***P<0.001 ****P<0.0001, n=5 mice/group.    
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Figure 3.9 APE1/Ref-1 protein expression in the distal colon of mice without 

cancer. APE1/Ref-1 protein (35 kDa) expression in the distal colon from mice 

without cancer following 14-day of in vivo treatment with Oxaliplatin and APX3330 

compared to untreated mice. An image of the membrane with the total protein 

loading (A), An image of the membrane with the target protein (B), quantitative 

analysis of the APE1/Ref-1 protein expression normalised to the total protein values 

(C). Data presented as mean ± S.E.M. *P<0.05, **P<0.01, n=5 mice/group.   
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Figure 3.10 APE1/Ref-1 expression in the distal colon following 14-day 

treatments in CRC-induced mice. APE1/Ref-1 immunoreactive cells in the 

myenteric ganglia of the distal colon labelled with anti-APE1/Ref-1 antibody (green) 

from mice treated with 2 vehicles (A), Oxaliplatin plus vehicle for APX3330 (A’), 

APX3330 plus vehicle for OXL (A’’), and a combination of APX3330 + OXL (A’’’). 

Scale bar = 50 µm. Quantitative analysis of the number of APE1/Ref-1-IR cells (B) 

in the distal colon wholemount preparations. The number of APE1/Ref-1-IR cells in 

the distal colon was counted per 0.4 mm2 area. Data presented as mean ± S.E.M. 

***P<0.001 ****P<0.0001, n=4-5 mice/group.  
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Figure 3.11 Quantitative analysis of the APE1/Ref-1 expression in the distal 

colon myenteric ganglia of CRC-induced mice. APE1/Ref-1 expression per 

ganglion (A), APE1/Ref-1 expression per 0.4mm2 area (B), the proportion of 

APE1/Ref-1-IR cells to PGP 9.5-IR cells per ganglion (C) following 14 days of in 

vivo treatment with 2 vehicles, Oxaliplatin plus vehicle for APX3330, APX3330 plus 

vehicle for OXL, and a combination of APX3330 + OXL. Data presented as mean ± 

S.E.M. *P<0.05, **P<0.01, ***P<0.00, ****P<0.0001, n=4-5 mice/group.    
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Figure 3.12 APE1/Ref-1 protein expression in the distal colon of mice with 

CRC. APE1/Ref-1 protein (35 kDa) expression in the distal colon from CRC-induced 

mice following 14-day of in vivo treatment with 2 vehicles, Oxaliplatin plus vehicle 

for APX3330, APX3330 plus vehicle for OXL, and a combination of APX3330 + 

OXL. An image of the membrane with the total protein loading (A), An image of the 

membrane with the target protein (B), quantitative analysis of the APE1/Ref-1 

protein expression normalised to the total protein values (C). Data presented as 

mean ± S.E.M. **P<0.01, ***P<0.001, n=4-5 mice/group.   
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3.4.4 Effect of the Treatments on Cytochrome c and STAT3 Expression 

 

3.4.4.1 Cytochrome c Expression  

 

To investigate changes in cytochrome c protein expression following in vivo treatment 

of OXL and APX3330 compared to untreated mice, the distal colon samples were 

assessed by Western blot experiments using an anti-cytochrome c antibody. An image 

of the membrane with the total protein loading (Figure 3.13 A). An image of the 

membrane merged with the ladder after the protein transfer step has been included in 

supplementary data (Figure S3.2A). Data revealed that cytochrome c protein 

expression was significantly higher in OXL-treated mice (2.3 ± 0.1 a.u) compared to 

APX3330-treated (1.0 ± 0.1 a.u, P<0.0001) and untreated (1.7 ± 0.1 a.u, P<0.05) mice 

signifying elevated oxidative stress in the GI tract following OXL treatment (Figure 

3.13 B, C). Cytochrome c expression was significantly lower in Untreated and 

APX3330-treated mice compared to OXL-treated mice (P<0.001) (n=5 mice/group).      

 

 

An image of the membrane with the total protein loading (Figure 3.14 A). 

Cytochrome c expression in CRC-induced group indicated that OXL + VEH-treated 

mice had significantly higher protein expression of cytochrome c (3.4 ± 0.3 a.u), 

compared to APX3330 + VEH-treated (1.5 ± 0.1 a.u, P<0.001) and combination of 

APX3330 + OXL-treated mice (0.9 ± 0.1 a.u, P<0.0001) but not statistically significant 

between VEH + VEH-treated (2.9 ± 0.3a.u) and OXL + VEH-treated mice (Figure 3.14 

B, C). Thus, indicating the oxidative stress-buffering properties of APX3330 as well as 

the effectiveness of the combination treatment of APX3330 + OXL. An image of the 

membrane merged with the ladder after the protein transfer step has been included in 

supplementary data (n=4-5 mice/group) (Figure S3.2B).   

 

3.4.4.2 STAT3 and pSTAT3 Protein Expression in the Distal Colon of Mice 

Without Cancer   
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To investigate changes in signal transducer and activator of transcription 3 (STAT3) 

protein expression following in vivo treatment with OXL and APX3330 compared to 

untreated mice, the STAT3 protein expression of distal colon samples was 

assessed by Western blot experiments using an anti-STAT3 antibody. An image of 

the membrane with the total protein loading (Figure 3.15 A). An image of the 

membrane merged with the ladder after the protein transfer step has been included 

in supplementary data (Figure S3.3A). Western blot analysis of the colons from 

mice without cancer revealed that OXL-treated group had the lowest protein 

expression of STAT3 (0.7 ± 0.1 a.u), compared to APX3330 (2.0 ± 0.1 a.u) and 

untreated (1.8 ± 0.2 a.u) (P<0.001 for both) groups (n=5 mice/group) (Figure 3.15 

B, C).  

 

To investigate changes in the phosphorylated signal transducer and activator 

of transcription 3 (pSTAT-3) protein expression we performed Western blot 

experiments on the distal colon of mice without cancer following 14-day in vivo 

treatments using an anti-pSTAT3 antibody. An image of the membrane with the 

total protein loading (Figure 3.16 A). An image of the membrane merged with the 

ladder after the protein transfer step has been included in supplementary data 

(Figure S3.3B). Data revealed that OXL-treated group had significantly higher 

protein expression of pSTAT3 (3.2 ± 0.3 a.u) compared to untreated (0.5 ± 0.1 a.u, 

P<0.0001) and APX3330-treated (1.1 ± 0.3 a.u, P<0.001) mice indicating increased 

activation of STAT3 protein into pSTAT3 state (n=5 mice/group) (Figure 3.16 B, C).   

 

3.4.4.3 STAT3 and pSTAT3 Protein Expression in the Distal Colon of CRC-

Induced Mice  

 

An image of the membrane with the total protein loading (Figure 3.17 A). Western 

blot analysis of the protein expression of STAT3 in the distal colon samples of CRC-

induced mice revealed that VEH + VEH-treated group showed the lowest protein 

expression of STAT3 (0.8 ± 0.1 a.u) compared to APX3330 + VEH (3.4 ± 0.4 a.u, 
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P<0.0001) and combination of APX3330 + OXL (3.1 ± 0.4 a.u, P<0.001) treated 

groups but not statistically significant compared to OXL + VEH-treated group (1.7 ± 

0.2 a.u) (Figure 3.17 B, C). An image of the membrane merged with the ladder 

after the protein transfer step has been included in supplementary data (Figure 

S3.4A). OXL + VEH and VEH + VEH-treated groups showed the lowest expression 

of STAT3 protein indicating increased activation of the protein to execute 

downstream activation of target proteins (n=4-5 mice/group). 

 

An image of the membrane with the total protein loading (Figure 3.18 A). In 

CRC-induced cohort, APX3330 + VEH-treated mice exhibited the lowest expression 

of pSTAT3 (0.8 ± 0.1 a.u) compared to OXL + VEH- treated (3.0 ± 0.3 a.u, 

P<0.0001), and VEH + VEH-treated (2.1 ± 0.3 a.u, P<0.01) groups but not 

statistically significant compared to the combination of APX3330 + OXL-treated 

group (1.2 ± 0.1 a.u) indicating decreased activation of STAT3 protein into its active 

phosphorylated state pSTAT3 with APX3330 treatment (n=4-5 mice/group) (Figure 

3.18 B, C). An image of the membrane merged with the ladder after the protein 

transfer step has been included in supplementary data (Figure S3.4B).    
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Figure 3.13 Cytochrome c protein expression in the distal colon from mice 

without cancer.  Cytochrome c protein (14 kDa) expression in the distal colon from 

mice without cancer following 14-day in vivo treatment with Oxaliplatin and 

APX3330 compared to untreated mice. An image of the membrane with the total 

protein loading (A), An image of the membrane with the target protein (B), 

quantitative analysis of the cytochrome c protein expression normalised to the total 

protein values (C). Data presented as mean ± S.E.M. *P<0.05, ***P<0.001, 

****P<0.0001, n=5 mice/group.   
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Figure 3.14 Cytochrome c protein expression in the distal colon from mice 

with CRC. Cytochrome c protein (14 kDa) expression in the distal colon from mice 

with CRC following 14-day in vivo treatment with 2 vehicles, Oxaliplatin plus vehicle 

for APX3330, APX3330 plus vehicle for OXL, and a combination of APX3330 + OXL 

treated CRC-induced mice. An image of the membrane with the total protein loading 

(A), An image of the membrane with the target protein (B), quantitative analysis of 

the cytochrome c protein expression normalised to the total protein values (C). Data 

presented as mean ± S.E.M. **P<0.01, ***P<0.001, ****P<0.0001, n=5 mice/group.   

 

 

 

 

 

 

 

 

 



 

216 

 

 

        

 

 

 

 

 

 

 

   

VEH+VEH

 CRC  

OXL+VEH 

CRC

  APX3330

   +VEH CRC

   APX3330

    +OXL CRC

0

1

2

3

4

Cytochrome c Expression

(CRC-Induced Mice)

P
ro

te
in

 E
x

p
re

s
s
io

n
 (

a
.u

)

ns

✱✱

✱✱✱

✱✱✱

✱✱✱✱

ns

 

Internal 

Standards 

VEH+VEH 

CRC 

OXL+VEH 

CRC 

APX3330 

+VEH CRC 

APX3330 

+OXL CRC 

A 

B 

C 



 

217 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 Signal transducer and activator of transcription 3 (STAT3) protein 

expression in the distal colon of mice without cancer. STAT3 protein (88 kDa) 

expression in the distal colon from mice following 14-day in vivo treatment with 

Oxaliplatin and APX3330 compared to untreated without cancer mice. An image of 

the membrane with the total protein loading (A), An image of the membrane with 

the target protein (B), quantitative analysis of the STAT3 protein expression 

normalised to the total protein values (C). Data presented as mean ± S.E.M. 

***P<0.001, n=5 mice/group. 
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Figure 3.16 Phosphorylated signal transducer and activator of transcription 3 

(pSTAT3) protein expression in the distal colon of mice without cancer. 

pSTAT3 protein (88 kDa) expression in the distal colon from mice following 14-day 

in vivo treatment with Oxaliplatin and APX3330 compared to untreated without 

cancer mice. An image of the membrane with the total protein loading (A), An image 

of the membrane with the target protein (B), quantitative analysis of the pSTAT3 

protein expression normalised to the total protein values (C). Data presented as 

mean ± S.E.M. ***P<0.001, ****P<0.0001, n=5 mice/group. 
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Figure 3.17 Signal transducer and activator of transcription 3 (STAT3) protein 

expression in the distal colon of CRC-induced mice. STAT3 protein (88 kDa) 

expression in the distal colon from CRC-induced mice following 14-day in vivo 

treatment with 2 vehicles, Oxaliplatin plus vehicle for APX3330, APX3330 plus 

vehicle for OXL, and a combination of APX3330 + OXL. An image of the membrane 

with the total protein loading (A), An image of the membrane with the target protein 

(B), quantitative analysis of the STAT3 protein expression normalised to the total 

protein values (C). Data presented as mean ± S.E.M. *P<0.05, ***P<0.001, 

****P<0.0001, n=4-5 mice/group. 
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Figure 3.18 Phosphorylated signal transducer and activator of transcription 3 

(pSTAT3) protein expression in the distal colon of CRC-induced mice. pSTAT3 

protein (88 kDa) expression in the distal colon from mice following 14-day in vivo 

treatment with 2 vehicles, Oxaliplatin plus vehicle for APX3330, APX3330 plus 

vehicle for OXL, and a combination of APX3330 + OXL treated CRC-induced mice. 

An image of the membrane with the total protein loading (A), An image of the 

membrane with the target protein (B), quantitative analysis of the pSTAT3 protein 

expression normalised to the total protein values (C). Data presented as mean ± 

S.E.M. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n=4-5 mice/group. 
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3.4.5 Effect of the Treatments on Tumour Growth and Metastasis  

 

3.4.5.1 Assessment of the Caecum Size, and Number of Tumours Following 

Treatments in CRC-Induced Mice  

 

The freshly resected caecums were weighed as soon as they were taken out from 

the mice to determine the variation between the sizes of the caecum between 

treatment groups (Figure 3.19 A-D’). The average caecum weight of VEH + VEH-

treated mice was significantly higher (3.2 ± 0.3g) compared to OXL + VEH-treated 

(1.7 ± 0.3g), APX3330 + VEH-treated (1.4 ± 0.1g), and APX3330 + OXL-treated 

(1.4 ± 0.1g) mice (P<0.001 for all) (Figure 3.19 E). Since the VEH + VEH-treated 

group did not receive any treatments, data indicated that those mice had larger 

caecums compared to other groups. OXL + VEH, APX3330 + VEH and combination 

of APX3330 + OXL treatments showed significantly smaller average caecum size 

due to inhibited growth of tumours (n=4-5 mice/group). 

 

 

To assess the efficacy of different treatment regimens, the tumour diameter 

and the number of tumours were quantified. VEH + VEH-treated mice had the 

largest tumour diameter (34.1 ± 1.7mm) compared to OXL + VEH (22.3 ± 1.3mm), 

APX3330 + VEH (10.1 ± 1.3mm) and APX3330 + OXL (0 ± 0mm) treated mice 

(P<0.0001 for all) (Figure 3.19, A-D, F). The caecums of VEH + VEH-treated mice 

were completely consumed by multiple tumours by day 21 post-surgery and a many 

secondary tumours were present in the abdominal cavity. The secondary spread of 

the tumours was observed in other organs including the spleen, liver, large intestine, 

small intestine, as well as the stomach wall (Figure 3.19, A’-D’). The number of 

tumours present in the abdominal cavity were significantly higher in VEH + VEH-

treated mice (70.8 ± 5.4 tumours/mouse) compared to OXL + VEH (14.8 ± 1.0 

tumours/mouse), APX3330 + VEH (1.6 ± 0.6 tumours/mouse) and APX3330 + OXL 

(0 ± 0 tumours/mouse) treated mice (P<0.0001 for all) (Figure 3.19, G). The number 

of tumours was not statistically significant between APX3330 + VEH and APX3330 
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+ OXL-treated groups. Combination treatment of OXL + APX3330 exhibited the 

most successful outcome among all treatment groups by completely getting rid of 

secondary tumours following 14 days in vivo treatment (n=4-5 mice/group). We 

have observed the secondary spread of tumours into the colon in VEH + VEH, OXL 

+ VEH, and APX3330 + VEH-treated mice had whereas mice treated with APX3330 

+ OXL did not show any signs of secondary spread of tumours following 14-days of 

in vivo treatment (Figure 3.20). 

 

3.4.5.2 Effect of the Treatments on VEGF Expression  

 

The antiangiogenic potential of different treatment options was evaluated by the 

Western blot analysis of the protein expression of vascular endothelial growth factor 

(VEGF) in the distal colon by using an anti-VEGF antibody. An image of the 

membrane with the total protein loading (Figure 3.21 A). VEGF protein expression 

was significantly higher in VEH + VEH-treated mice (2.3 ± 0.2a.u) compared to 

APX3330 + VEH (1.1 ± 0.1a.u, P<0.001) and APX3330 + OXL (1.1 ± 0.1a.u, 

P<0.001) treated mice but not statistically significant between VEH + VEH and OXL 

+ VEH (2.1 ± 0.1a.u) treated groups indicating increased tumour vascularisation in 

the VEH + VEH and OXL + VEH-treated groups (Figure 3.21 B, C). VEGF 

expression in the colons from OXL + VEH-treated group was also significantly 

higher compared to APX3330 + VEH and APX3330 + OXL treated mice, indicating 

high susceptibility of developing new blood vessels in tumours thus increasing 

tumour metastasis. APX3330 + VEH-treated and APX3330 + OXL-received mice 

with CRC had the lowest level of VEGF protein expression compared to other 

groups indicating anti-angiogenic and anti-tumour effectiveness of APX3330 by 

itself as well as a combination therapy with OXL (n=4-5 mice/group). An image of 

the membrane merged with the ladder after the protein transfer step has been 

included in supplementary data (Figure S2.5). 
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Figure 3.19 Effects of the treatments on tumour growth. Tumours in the 

caecums and abdominal cavity from mice treated with 2 vehicles (A-A’), Oxaliplatin 

plus vehicle for APX3330 (B-B’), APX3330 plus vehicle for OXL (C-C’), and a 

combination of APX3330 + OXL (D-D’). The average weight of the caecum in grams 

(E), the average tumour diameter (F), the average number of tumours in the 

abdominal cavity (G) at day 21 post-surgery. Data presented as mean ± S.E.M. 

*P<0.05, ***P<0.01, ****P<0.0001, n=4-5 mice/group. 
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Figure 3.20 Tumour metastasis in the distal colon. Tumours in the colon from 

mice treated with 2 vehicles (A), Oxaliplatin plus vehicle for APX3330 (B), APX3330 

plus vehicle for OXL (C), and a combination of APX3330 + OXL (D). Scale bar = 

100µm.   
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Figure 3.21 Vascular endothelial growth factor (VEGF) protein expression 

following treatments in mice with CRC. VEGF protein (38-44 kDa) expression in 

the distal colon from CRC-induced mice treated with 2 vehicles, Oxaliplatin plus 

vehicle for APX3330, APX3330 plus vehicle for OXL, and a combination of 

APX3330 + OXL for 14 days. An image of the membrane with the total protein 

loading (A, An image of the membrane with the target protein (B), quantitative 

analysis of the VEGF protein expression normalised to the total protein values (C). 

Data presented as mean ± S.E.M. **P<0.01, ***P<0.001, n= 4-5 mice/group      
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3.5 Discussion  

 

This study is the first to demonstrate the efficacy of APX3330 for the treatment of 

OXL-induced enteric neuropathy in mice with and without colorectal cancer. Our 

study has also demonstrated for the first time, redox inhibition of APE1/Ref-1 protein 

by using APX3330 can protect myenteric neurons from OXL-included damage. 

Based on the immunohistochemistry data that assessed the effect of the treatments 

on the total number of myenteric neurons, a reduction in the total number of neurons 

following Oxaliplatin treatment was observed in both cancer and cancer-free mice. 

Our data from western blot experiments demonstrated that cancer pathology and 

Oxaliplatin treatment caused increased levels of cytochrome c in the distal colon 

compared to other treatment groups. The release of cytochrome c might be due to 

oxidative stress-induced depolarisation of the mitochondrial membrane and might 

lead to the activation of apoptotic pathways. This requires further investigation. Our 

results showed that APX3330 alleviates chemotherapy-induced myenteric neuronal 

death, and decreases the release of cytochrome c in the distal colons of mice with 

and without cancer. Our study demonstrated that APX3330 inhibits the redox 

activation of APE1/Ref-1, STAT3 and VEGF that promote tumour progression. Our 

study showed that APX3330 treatment can reduce OXL-related constipation. Our 

data has also demonstrated that APX3330 + VEH and combination of APX3330 + 

OXL have shown normal faecal water content, similar to healthy cohort exhibiting 

positive outcomes for OXL-induced constipation.   

  

In the clinical setting, one of the side-effects related to OXL treatment is the 

severe weight loss of patients due to GI-related complications (Kawai et al., 2021). 

Patients suffer from the loss of appetite that leads to weight loss that negatively 

impacts their general wellbeing. Our data showed that untreated mice continued to 

gain weight throughout the treatment period while OXL-treated cancer free mice 

lost weight by the end of 14 days treatment period indicating OXL associated GI 

side-effects. APX3330 treated cancer free mice, on the other hand, gained weight 

during the treatment period indicating positive outcomes of the treatment. Repeated 

in vivo administration of APX3330 and combination APX3330 + OXL caused steady 
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weight gain throughout the treatment duration in CRC-induced cohort indicating 

APX3330’s ability to alleviate OXL-induced GI side-effects. Repeated in vivo 

administration of OXL caused severe weight loss in mice after 14-day treatment 

and, on the other hand, VEH + VEH-treated CRC group gradually gained weight 

during the treatment period due to the rapid growth of rumours in the abdominal 

cavity. The weight gain of APX3330-treated mice was steady, and they did not have 

large tumours or secondary spread of tumours contributing to their weight gain 

indicating its efficacy as an anti-cancer agent. 

 

To define the clinical symptoms resulting from different treatment options, 

fresh faecal pellets were collected from day 0, day 7, and day 14 from the 

experimental groups for further analysis. Data showed significantly lower faecal 

water content in the OXL-treated group compared to untreated and APX3330-

treated groups in the healthy treatment cohort indicating severe constipation in 

OXL-treated mice. Considering the CRC-induced cohort, the mean percentage 

difference between wet and dry faeces weight was significantly lower in OXL-

treated group compared to VEH + VEH, APX3330 + VEH and APX3330 + OXL-

treated groups indicating OXL-induced constipation. Data also showed positive 

outcomes for APX3330 + VEH-treated group and combination of APX3330 + OXL 

treated groups by having higher water percentage in faecal matter indicating 

APX3330’s capacity to alleviate the symptoms.  

 

Several research has found that chronic accumulation of oxidative stress can 

lead to neuronal loss, a decline in neural function, mutilating short-term and long-

term gastrointestinal tract function (Chandrasekaran et al., 2011). We observed 

increased expression of nNOS-IR neurons following chronic OXL treatment. Even 

though, neuronal nitric oxide is essential sphincter relaxation and generation of 

complex gastrointestinal motor patterns, which in turn are utilised for propulsion of 

food in the GI tract (Sarna et al., 1993, Roberts et al., 2007, Roberts et al., 2008). 

Since OXL treatment is closely associated with severe constipation, altered levels 

of NO could an indication of malfunction of GI tract peristaltic activity which leads to 
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retaining digestive contents longer than usual and it may lead to constipation. 

According to recent research, altered levels of nNOS in the enteric nervous system 

have been linked to several pathological conditions elevated levels of nNOS in the 

ENS could be indicative of oxidative stress (Rivera et al., 2011a). This hypothesis 

was supported by our findings. APX3330 treatment resulted in increased myenteric 

neuron protection, decreased the number of nNOS-immunoreactive inhibitory 

muscle motor and interneurons, and their proportion in the myenteric ganglia after 

14 days treatment.  

 

Our study exhibited for the first time, APX3330 treatment encompasses 

neuroprotective and causes less damage to the myenteric neurons, decreased 

expression of APE1/Ref-1 immunoreactive cells in the longitudinal myenteric 

preparations, as well as decreased protein expression of APE1/Ref-1 in the distal 

colon following APX3330 and combination treatment of APX3330 + OXL. Repeated 

in vivo administration of OXL induced myenteric neuronal loss in the distal colon 

whereas APX3330 treatment and combination treatment of APX3330 + OXL 

alleviated the neuronal survival. OXL treatment revealed higher susceptibility of 

myenteric neuronal loss compared to other treatment groups. Our findings indicated 

that APX3330 treatment has neuroprotective effects on the neurons in the 

myenteric plexus of the distal colon. Our findings revealed that OXL treatment was 

associated with changes in the APE1/Ref-1 expression in the myenteric plexus of 

the distal colon. OXL treatment exhibited higher expression of APE1/Ref-1 protein 

in the myenteric neurons, indicative of elevated oxidative stress. Comparatively, 

APX3330 treatment and combination of APX3330 + OXL treatment showed less 

expression of APE1/Ref-1 in the myenteric neurons indicating less oxidative stress 

in the ganglia. Immunohistochemical and Western blot data of APE1/Ref-1 protein 

expression of the distal colon revealed that APX3330 treatment and combination of 

APX3330 + OXL significantly reduced the expression of APE1/Ref-1 protein in the 

distal colon segments of both healthy treatment cohort and CRC-induced cohort. A 

higher level of APE1/Ref-1 expression is an indication of increased cellular oxidative 

stress due to OXL treatment and/or pathological condition of cancer. APX3330 
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seems to reduce the APE1/Ref-1 protein expression indicative of its capacity to 

alleviate oxidative stress and DNA damage.   

  

Western blot data revealed that OXL treatment induced an increased 

expression in cytochrome c and APX3330 treatment significantly decreased the 

expression of cytochrome c within the distal colon. Elevated cytochrome c 

expression in the distal colon after OXL treatment indicated elevated mitochondrial 

damage. Data indicated that APX3330 treatment caused the least expression of 

cytochrome c, indicating less mitochondrial damage. Our findings also indicated 

that combination treatment of APX3330 + OXL significantly reduced the cytochrome 

c expression in the distal colon after 14 days in vivo administration.  

 

Signal transducer and activator of transcription 3 (STAT3) is a cytoplasmic 

protein that is responsible for transmitting signals retrieved from activated cytokine 

and growth factor receptors in the plasma membrane to the nucleus to regulate 

gene transcription (Heinrich et al., 1998, Leeman et al., 2006, Quesnelle et al., 

2007). STAT3 engaged in the transcription modulation of several genes that 

regulate cell proliferation, differentiation, metastasis, angiogenesis, inflammation as 

well as the immune response (Leeman et al., 2006, Frank et al., 2007, Germain et 

al., 2007, Jing et al., 2005). STAT3 in the tumour cells increases the expression of 

certain growth factors such as Il-6, IL-10, TGFβ, and VEGF (Phuengkham et al., 

2019). Recent findings have revealed that elevated level of pSTAT3 was correlated 

with poor disease prognosis (Leeman et al., 2006, Frank et al., 2007, Germain et 

al., 2007, Aggrawal et al., 2009). In our research, we found that the APX3330 + 

VEH-treated mice and combination of APX3330 + OXL-treated mice exhibited 

higher levels of STAT3 protein expression which in turn explains its dormant state 

of not being activated in the cell. In contrast, VEH + VEH-treated and OXL + VEH-

treated groups exhibited lower expression of STAT3 protein. Western blot data of 

cancer-free cohort revealed that APX3330-treated group and untreated group 

exhibited higher expression of STAT3 protein, while OXL-treated group showed 

A.VEH VEH CRC 
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lowest STAT3 protein expression indicating the possibility of activated STAT3 

protein in the system.  

 

In normal cells transient activation of phosphorylated signal transducer and 

activation of transcription factor 3 (pSTAT3) is predominately manifest by 

phosphorylation of the STAT3 protein. This process transmits transcriptional signals 

from cytokines and growth factor receptors on the cell surface to the plasma 

membrane to the nucleus of the cell (Darnell et al., 1994). STAT3 signalling pathway 

has long been a therapeutic target for cancer owing to its role in tumour formation, 

metastasis, and drug resistance (Ishibashi et al., 2018, Priego et al., 2018, 

Bromberg et al., 1999, Wang et al., 2018). Numerous studies have shown that 

hyperactivation of STAT3 can mediate tumour-induced immunosuppression that 

can lead to poor immune response and further enhance tumour progression and 

metastasis. Inhibiting STAT3 protein has several therapeutic benefits including 

reduced tumour cell-intrinsic proliferation, improved immunosuppressive crosstalk 

within the tumour microenvironment, and enhanced anti-tumour effects of tumour-

infiltrating immune cells. APX3330 on the other hand is capable of inhibiting 

APE1/REF-1 proteins’ redox activation and thus, inhibiting the activation of STAT3. 

Western blot data revealed that untreated and APX3330-treated groups exhibited 

significantly lower expression of pSTAT3 compared to OXL-treated group indicating 

increased activation of STAT3 protein into pSTAT3 in OXL-treated mice. Among 

CRC-induced cohort, APX3330 + VEH-treated, and combination of APX3330 + 

OXL-treated groups revealed lower expression of pSTAT3 expression compared to 

OXL + VEH-treated and VEH + VEH-treated groups indicating less activation of 

STAT3 protein into its active phosphorylated state pSTAT3.  

 

To define the clinical symptoms resulting from different treatment options, 

the caecum of the mice was collected and weighed on the final experiment day. 

Caecum data showed that OXL-treated healthy treatment group had the highest 

caecum weight compared to other groups in that cohort. VEH + VEH-treated group 

had the largest and heaviest caecum of CRC-induced cohort because the caecum 
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was entirely consumed by the tumour and massive tumours were arising from the 

caecum. APX3330 + VEH and OXL + APX3330-treated CRC-induced mice had 

average size caecum indicating the efficacy of the treatment.  To assess the efficacy 

of different treatment regimens, the average tumour diameter, the number of 

tumours, as well as tumour metastasis were analysed quantitatively. Tumour 

metastasis typically involves several important steps including local invasion, 

intravasation, survival in the circulation, arrest at the distant organ site and 

extravasation, micro metastasis formation, and metastatic colonisation (Pachmayr 

et al., 2017). VEH + VEH-treated mice had the largest number of tumours with a 

rich blood supply that were spread in the entire abdominal cavity. The secondary 

spread of the tumours was present in the abdomen including the spleen, liver, large 

intestine, small intestine as well as stomach wall. VEH + VEH-treated mice had the 

largest number and the size of tumours hence they have not received any cancer 

treatments. OXL + VEH and APX3330 + VEH treatments showed a smaller number 

of secondary tumours in the abdominal cavity and combination of APX3330 + OXL-

treated mice did not show any secondary spread of tumours indicating the success 

of the treatment.    

 

Several transcription factors that fall under the umbrella of APE1/Ref-1’s 

redox regulation, including AP-1, NF-kB, HIF-1α, and p53, alongside VEGF as a 

transmembrane factor that are directly or/and indirectly involved in cancer survival, 

metastasis, and angiogenesis by producing a variety of proteins in the tumour 

microenvironment so cancer can thrive and grow (Heisel., 2021, Xanthoudakis et 

al., 1992, Xao et al., 2002, Ema et al., 1999). VEGF is a major transcription factor 

that stimulates and enhances the growth of new blood vessels into newly forming 

tumours. By inhibiting APE1/Ref-1 proteins’ redox regulation, APX3330 treatment 

was able to reduce the angiogenesis in CRC-induced mice. Therefore, the 

treatment groups that received either APX3330 + VEH or APX3330 + OXL showed 

significantly lower VEGF expression in the distal colon, and they showed 

significantly lower tumour growth and metastasis indicating a greater therapeutic 

potential.  
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Redox inhibition of APE1/Ref-1 protein via APX3330 seems to down-regulate 

VEGF expression that in turn decreases the capacity of forming new blood vessels 

in the tumours. Once the angiogenesis keeps under control in the tumour 

microenvironment the secondary spread of the tumour, the tumour aggressiveness, 

and treatment-resistance can be easily targeted by other medications.  

Antiangiogenic therapies such as anti-VEGF treatment have been approved for 

cancer treatment (Nagoya et al., 2014, McMahon et al.,2000, Zibara et al., 2015, 

Vasudev et al., 2014) for their therapeutic potential as an anti-tumour treatment. 

Our study focussed on the therapeutic anti-tumour potential of APX3330 and 

combination of APX3330 + OXL for the treatment of CRC compared to OXL 

treatment alone. It was evident that APX3330 + VEH-treated group exhibited 

significantly lower VEGF protein expression indicating anti-angiogenic properties of 

APX3330. VEGF expression in the VEH + VEH- treated group was significantly 

higher compared to other treatment groups indicating the higher possibility of 

secondary tumour spread. APX3330 treatment alone had minor secondary spread 

of tumours into the colon whereas the combination treatment of APX3330 + OXL 

did not show any signs of secondary spread of tumours indicating the higher 

success rate of combination therapy for the treatment of CRC.  

 

3.6 Conclusion 

 

 

This study is the first to investigate the efficacy of APX3330 to protect the enteric 

neurons from OXL-induced damage and to potentiate the anti-tumour effectiveness 

of APX3330 in a combination of OXL in an orthotopic model of CRC. The results 

show that the impediment of the APE1/Ref-1 redox signalling pathway via APX3330 

not only alleviated myenteric neuronal damage but also it exhibited anti-tumour 

properties that aid in attenuating tumours and diminishing tumour metastasis. The 

study results showed the efficacy of APX3330 given in combination with OXL, 

alleviated neuronal toxicity associated with OXL. The study results also exhibited 

anti-tumour efficacy of APX3330 in combination with OXL compared to individual 

chemotherapeutics. Furthermore, Western blot data showed an increase in 
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cytochrome c expression with OXL treatment and a significant reduction with 

APX3330 treatment. Cytochrome c is released from mitochondrial because of 

mitochondrial membrane depolarisation or increased mitochondrial membrane 

permeability. It is possible that OXL directly or indirectly induces/triggers 

mitochondrial DNA damage that results in the release of cytochrome c. APX3330 

treatment and combination treatment of APX3330 + OXL on the other hand showed 

decreased expression of nNOS immunoreactive cells and decreased expression of 

cytochrome c following 14-day treatment period indicating APX3330 efficacy to 

ameliorate oxidative stress.  
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          4 
GENERAL DISCUSSION AND CONCLUSION 

 

 

 

   

 

 

 

Wholemount preparation of the myenteric ganglia from the distal 

colon of VEH+VEH-treated mouse with CRC labelled with a pan-

neuronal marker anti-PGP9.5 antibody (red), an inhibitory neuronal 

marker, neuronal nitric oxide synthase (green) and DAPI (blue) (Scale 

bar = 50µm) 
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4.1 General Discussion  

 

Chemotherapy-induced GI dysfunction is a common and debilitating side-effect that 

reduces the efficacy of cancer treatment. Constipation and diarrhoea are among 

the significant side-effects of common chemotherapy medications currently used in 

the clinical setting as a standard treatment for cancer. Oxaliplatin and Irinotecan 

have been used in the clinical setting as a first-line treatment due to their anti-

tumour properties in treating various cancers, including colorectal cancer. Despite 

their efficacy in cancer-killing properties, these chemotherapeutic medications are 

associated with debilitating neurotoxic and gastrointestinal side effects. These 

strenuous chemotherapy-induced GI side-effects usually lead to dose reductions, 

treatment delays, and in severe circumstances, cessation of the treatment with poor 

treatment outcomes. Regardless of their impact on patients’ quality of life, they are 

still being used as a mainstay treatment due to the lack of novel therapeutic 

approaches in the cancer treatment milieu. Redox modulation function of 

APE1/Ref-1 protein and strong capacity to modulate multiple functions in the 

cellular environment drew the attention of current cancer research as a successful 

candidate to target multifactorial nature of tumour drug resistance. The recent 

development of APX3330, a redox inhibitor of APE1/Ref-1 protein, allowed to 

separately study the individual functions of APE1/Ref-1 based on repair activity, 

redox regulation, and other protein-protein interactions. The capacity of APX3330 

to tease apart APE1/Ref-1’s DNA repair and redox regulation provides the ability to 

identify how APE1/Ref-1 interacts in each of its sites, which provides the avenue to 

develop specific treatments that enhance tumour killing properties while reducing 

toxicities. The experiments contributing to this thesis provide insights into the 

therapeutic potential of APX3330 in combination with Oxaliplatin and Irinotecan to 

treat colorectal cancer. This study also focused on the Oxaliplatin and Irinotecan-

induced gastrointestinal dysfunction and enteric neuropathy, as well as the ability 

of APX3330 to ameliorate adverse side-effects induced by Oxaliplatin and 

Irinotecan treatments. This chapter consolidates the findings presented in this 

thesis and acknowledges the main directions for future research.  
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4.2 Chemotherapy-induced Enteric Neuropathy and Gastrointestinal 

Dysfunction 

 

This thesis provides novel insights into Oxaliplatin and Irinotecan-induced enteric 

neuropathy and neuroprotective and anti-tumour efficacy of APX3330 in healthy 

and CRC-induced mice. Long-term administration of Oxaliplatin and Irinotecan was 

associated with substantial myenteric neuronal loss. APX3330 treatment 

ameliorated the gastrointestinal damage caused by Oxaliplatin and Irinotecan 

following 14 days of in vivo treatment. Several pathological conditions such as slow 

transit constipation, irritable bowel syndrome, diabetes, diverticulitis, and 

inflammatory bowel disease are known to be associated with enteric neuronal loss 

that gives rise to a range of gastrointestinal complications (Ochoa-Cortes et al., 

2016, Bernardini et al., 2012, Tornblom et al., 2002, Chandrasekharan et al., 2011, 

Wedel et al., 2010, Bassotti et al., 2009, Ganguli et al., 2007, Bassotti and 

Villanacci, 2006). The data presented in chapters 2 and 3 demonstrate Irinotecan 

and Oxaliplatin-induced enteric neuropathy following 14 days treatment period. 

Among three different medications compared in the study, Irinotecan and 

Oxaliplatin caused a significant myenteric neuronal loss in the distal colon following 

14 days of treatment. APX3330 treatment caused neuroprotection and exhibited 

anti-tumour properties when used alone or as a combination treatment with 

Irinotecan or Oxaliplatin. APX3330 successfully reduced inflammation in Irinotecan-

treated healthy and CRC-induced mice, indicating its anti-inflammatory properties. 

Oxaliplatin-induced side-effects plays a pivotal role in a high degree of myenteric 

neuronal loss following 14 days of treatment. Irinotecan treatment causes increased 

inflammation in the distal colon and plays a vital role in enteric neuropathy following 

chronic Irinotecan treatment. APX3330 has shown successful results when used 

alone or with Oxaliplatin and Irinotecan, indicating its efficacy in oxidative stress 

and inflammation induced by IRI and OXL. Redox inhibition of APE1/Ref-1 protein 

via small molecule inhibitor APX3330 modulates multiple regulatory pathways to 

reduce oxidative stress, inflammation, enteric neuroprotection, and tumour 

progression.  
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Irinotecan causes acute and chronic diarrhoea, a main side-effect of the 

treatment. Approximately 60-80% of patients experience acute diarrhoea within 24-

hours of administration of Irinotecan (Gibson and Stringer, 2009), indicating rapid 

and progressive changes in GI tract function. Patients experience delayed-onset 

diarrhoea 24 hours after Irinotecan administration which is shared by approximately 

80% of patients (Saliba et al., 1998). Several studies support the hypothesis that 

chronic accumulation and reactivation of SN-38 leads to long-term disruption of 

intestinal microflora and perpetual mucosal damage (McQuade et al., 2014, 

Stringer et al., 2009b, Gibson and Stringer, 2009, Javle et al., 2007), however, exact 

mechanisms underlying the acute and chronic onset of diarrhoea after Irinotecan 

administration are still unclear. Administration of atropine for acute diarrhoea 

attenuated the symptoms highlighting the possibility of the involvement of 

secretomotor cholinergic neurons (Tache et al., 2018). Damage to the enteric 

nervous system neurons may cause delayed onset of diarrhoea after Irinotecan 

administration.  

 

Data presented in chapter 2 indicate that Irinotecan treatment significantly 

increased the faecal water content after 14 days of in vivo treatment, suggesting 

secretory diarrhoea. This is in line with previous research findings suggesting that 

Irinotecan-induced delayed and prolonged onset diarrhoea arises because of 

multifaceted changes in the GI tract collateral with a primarily secretory mechanism 

that comes from an underlying effect of inflammation (Saliba et al., 1998, Beilberg 

and Cvitkovic, 1996). Our data in chapter 2 support myriad research data related to 

Irinotecan-induced diarrhoea. Our experiment data on faecal water content 

revealed that Irinotecan treatment caused diarrhoea in healthy and CRC-induced 

mice assessed on days 7 and 14. APX3330 treatment has alleviated the symptoms 

by bringing the faecal water content back to a healthy range. Mucosal damage and 

regeneration were not studied in this research. However, previous research 

conducted by our lab group has found that Irinotecan treatment was associated with 

severe mucosal ulceration, morphological disorganisation, and crypt hyperplasia in 

the mouse colon following both acute and chronic Irinotecan treatment (McQuade 

et al., 2017). In line with these findings, several other studies have also reported 
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that Irinotecan treatment causes crypt ablation, epithelial atrophy, and villous 

blunting in the rat jejunum following Irinotecan treatment (Logan et al., 2008, 

Bateman et al., 2016, Wardill et al., 2016, Al-Dasooqi et al., 2017). Previous 

research has shown that histopathological damage caused by Irinotecan treatment 

resolves within days following treatment, and chronic diarrhoea persists up to 10 

years post-treatment (Numico et al., 2015, Denlinger and Barsevick, 2009). The 

underlaying delayed onset and long-term diarrhoea mechanisms are yet to be 

discovered. Recent research, including a previous study by our group, draws the 

possibility that early mucosal damage and acute intestinal inflammation can lead to 

the damage and death of enteric neurons leading to chronic diarrhoea and 

gastrointestinal dysfunction (McQuade et al., 2017). 

 

The results of our study presented in chapter 2 demonstrated that Irinotecan 

treatment is closely associated with intestinal inflammation. Inflammation was 

confirmed by the high level of inflammatory marker neutrophil gelatinase-associated 

protein Lipocalin 2 (LCN-2) present in the faecal matter of Irinotecan-treated mice 

with and without CRC. Irinotecan-treated mice exhibited the highest LCN-2 levels 

throughout the treatment period assessed on days 1,7 and 14, indicating acute and 

chronic inflammation in the gut following Irinotecan treatment. APX3330 seems to 

attenuate the inflammation by downregulating several transcription factors and 

stimulating endonuclease activity to repair damaged DNA (Kelley, 2020, Mijit et al., 

2021).    

  

We assessed the immune cell infiltration of CD45-positive cells and the 

activation of myeloperoxidase (MPO) in the distal colon following 14 days of 

treatment to evaluate the initiation of active inflammation. Irinotecan-induced 

inflammation was also confirmed by increased number of CD45-possitive 

leukocytes in the colon from mice with and without cancer, consistent with our 

previous report, McQuade et al., 2017. MPO activation is a reliable marker of active 

inflammation. Neutrophils are one of the primary leukocytes recruited by the 

immune system to fight against inflammation. They are short-lived white blood cells 
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that contain azurophilic granules containing the enzyme MPO (Belal et al., 2021, 

Schroder et al., 2021). Previous research has demonstrated that high faecal and 

serum MPO levels are correlated with the increased disease severity of patients 

with chronic GI tract inflammation (Hansberry et al., 2017, Chami et al., 2018). In 

the presence of hydrogen peroxide and free chloride irons, MPO undergoes a 

halogenation cycle that yields hypochlorous acid (HOCl) and two-electron oxidants 

(Davies and Hawkins, 2020). HOCl acid is a potent bactericidal agent and free-

electron oxidant because the chemical reaction contributes to oxidative stress by 

producing free radicals (Bapte et al., 2022). However, constant intestinal exposure 

to MPO and HOCl acid due to inflammation results in cell death, and in severe 

cases, it can lead to secondary host tissue injury (Belal et al., 2021). Chronic 

administration of Irinotecan leads to high levels of neutrophil accumulation in GI 

mucosa that, in return, results in perpetual intestinal inflammation. 

 

Several previous studies have reported that in vitro and in vivo treatment with 

Irinotecan triggers an excessive attraction of inflammatory cells (Cottone et al., 

2015, Logan et al., 2008). We found that co-administration of APX3330 with 

Irinotecan reduces the expression of CD45-positive cells in the distal colon of mice 

with and without cancer. This was also correlated with improved symptoms of 

diarrhoea throughout 14 days of treatment. Similarly, it has been reported that co-

administration of the anti-inflammatory agent St John’s Wort with Irinotecan 

significantly reduced the expression of pro-inflammatory markers in rat intestines 

(Hu et al., 2006).  

      

Our findings and previous research suggest a strong correlation between 

myenteric neuronal loss and Irinotecan-induced inflammation. The enteric nervous 

system contains inhibitory and excitatory neurons that can be identified through 

their expression in nNOS and ChAT in the neurons (Ferness, 2012). These 

excitatory and inhibitory enteric neurons predominately regulate gastrointestinal 

functions. Several studies have found that long-term intestinal inflammation has 

been identified as the main contributor to the damage to the enteric nervous system, 
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including possible myenteric neuronal loss of up to 50% (Nurgali et al., 2007, 

Nurgali et al., 2011, Boyer et al., 2005), which may contribute to gastrointestinal 

dysfunction in the long-term. In this study, we found that long-term intestinal 

inflammation following Irinotecan treatment was correlated with significant neuronal 

loss in the myenteric plexus of the distal colon, whist APX3330 treatment mitigated 

the inflammation and associated enteric neuronal loss following 14 days of 

treatment. Previous study by our group has reported that neuronal loss with 

Irinotecan administration has been correlated with changes in colonic and intestinal 

motility (McQuade et al., 2017). Our study is the first to investigate the 

neuroprotective effects of APX3330 and enteric neuronal survival in the models of 

Irinotecan-treated mice with and without CRC. The density of neuronal processes 

in the distal colon was also assessed using the neuronal marker β-tubulin III. Data 

revealed that Irinotecan treatment correlated with reduced density of neuronal 

processes in healthy and CRC-induced mice, indicating elevated damage of enteric 

neurons. APX3330 treatment prevented Irinotecan-induced damage to the nerve 

fibres.  

 

Our results indicate the changes in subpopulations of the myenteric plexus 

in the distal colon after chronic Irinotecan treatment. Chronic Irinotecan 

administration caused a significant increase in the proportion of choline 

acetyltransferase (ChAT)-IR neurons and vesicular choline acetyltransferase 

(VAChT)-IR fibres in mice. Irinotecan treatment correlates with acute diarrhoea 

usually experienced within 24 hours post Irinotecan administration and cholinergic 

syndrome in CRC patients (Hecht, 1998).  

 

Acetylcholine is a major excitatory neurotransmitter in the gastrointestinal 

system that controls circular and smooth muscle contraction (Furness, 2012) and 

gastric secretion (Cooke, 2000). Therefore, cholinergic neurons and cholinergic 

nerve fibres play an essential aspect in the excitatory motor innervation of the gut 

(Furness, 2012). VAChT-IR fibres facilitate essential GI tract innovation functions 

such as mucus production, the vasomotor tone in GI mucosa, and innervating 
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enteric ganglia as well as innervation of gastrointestinal smooth muscles that control 

motility, secretion, and blood flow (Cervi et al., 2014). APX3330 treatment 

decreased the expression of ChAT-IR neurons resulting in a low proportion of 

ChAT-IR cells in the myenteric plexus of the distal colon preventing muscles from 

hyperexcitation that leads to diarrhoea. APX3330 treatment prevented Irinotecan-

induced increase in neuronal fibre density immunoreactive to VAChT.   

 

The results presented in chapter 2 revealed that APE1/Ref-1 expression 

determined by immunohistochemical, and Western blot analyses was higher in 

Irinotecan-treated mice with and without cancer. Increased activation of APE1/Ref-

1 is concurrent with the elevated activation redox regulatory pathway via the redox 

active site of APE1/Ref-1 protein. In contrast, the APX3330 treatment ameliorated 

the increase in APE1/Ref-1 level caused by Irinotecan treatment and the cancer 

pathology in CRC-induced mice.  

  

Signal transducer and activator of transcription 3 (STAT3) is a cytoplasmic 

protein that belongs to the mammalian STAT-3 family of seven proteins, namely 

STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6 (STATs) (Guanizo 

et al., 2018, Darnell et al., 1994) that mediate several intracellular signalling 

pathways, including cell proliferation, differentiation, survival, and angiogenesis 

(Hanlon et al., 2019, Rawlings et al., 2004). In normal cells, the transient activation 

of STAT3 is predominately manifested by protein phosphorylation. This process 

transmits transcriptional signals from cytokines and growth factor receptors on the 

cell surface to the plasma membrane to the cell’s nucleus (Darnell et al., 1994). On 

the other hand, STAT3 protein becomes hyperactivated, especially in pathological 

conditions such as cancer (Johnson et al., 2018). Targeting the STAT3 signalling 

pathway has long been a therapeutic target for cancer owing to its role in tumour 

formation, metastasis, and drug resistance (Ishibashi et al., 2018, Priego et al., 

2018, Bromberg et al., 1999, Wang et al., 2018). Numerous studies have shown 

that hyperactivation of STAT3 can mediate tumour-induced immunosuppression 

that can lead to poor immune response and further enhance tumour progression 
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and metastasis (Mittal et al., 2018, Wang et al., 2018). STAT3 remains inactive in 

the cytoplasm of an unstimulated cell, and it becomes activated mainly by 

phosphorylation at tyrosine and serine residues (Sgrignani et al., 2018). 

Phosphorylated STAT3 protein then translocates into the nucleus, followed by DNA 

binding, ultimately executing their destined nuclear function (Sgrignani et al., 2018).   

 

STAT3 is responsible for transmitting signals retrieved from activated 

cytokine and growth factor receptors in the plasma membrane to the nucleus to 

regulate gene transcription (Lee et al., 2019, Quesnelle et al., 2007, Leeman et al., 

2006, Heinrich et al.,1998). STAT3 engaged in the transcription modulation of 

several genes that regulate cell proliferation, differentiation, metastasis, 

angiogenesis, inflammation, and the immune response (Rebe and Ghiringhelli, 

2019, Lee et al., 2019, Frank et al., 2007, Germain et al., 2007, Leeman et al., 2006, 

Jing et al., 2005). In contrast, STAT3 regulates as a point of conjunction for several 

oncogenic signalling pathways in tumor cells to govern the anti-tumour response 

(Guha et al., 2019). In cancer cells and other cells that cohabit in the cancer 

ecosystem, STAT3 expresses hyperactivation, which plays a vital role in tumour 

progression by upregulating the production of immunosuppressive factors and 

inhibiting the expression of crucial immune activation regulators (Rebe and 

Ghiringhelli, 2019). Tumour microenvironment (TME) is a complex ecosystem 

where several heterogeneous cells varieties such as cancer cells, endothelial cells, 

smooth muscle cells, tumour associated fibroblasts, and tumour infiltrating 

fibroblasts habitat together in the tumour microenvironment for growth, survival, 

proliferation, angiogenesis, and metastasis (Pearce et al., 2018, Azizi et al., 2018). 

Therefore, it has become challenging to achieve successful immunotherapy 

outcomes; hence it must combat the tumour microenvironment that mediates 

tumour resistance. Hyperactivated STAT3 in the tumour cells increases the 

expression of specific growth factors such as Il-6, IL-10, TGFβ, and VEGF 

(Phuengkham et al., 2019). NF- ꝁB is another critical transcription factor that STAT3 

has close links with its function. It interacts with NF-ꝁB to further promote the 

progression and aggressiveness of the tumour (Yu et al.,2009, Fan et al.,.2013, 

Taniguchi et al., 2018). NF-ꝁB is a critical transcription factor that can upregulate a 
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spectrum of target proteins involved in inflammation and cancer initiation (Yu et al., 

2009). Several studies have identified STAT3 and NF-ꝁB crosstalk with each other 

in multiple regulatory pathways. For instance, cytokines like IL-6 can activate both 

STAT3 and NF-ꝁB at the same time (Fan et al., 2013). Both transcription factors 

share common target proteins in cell proliferation metastasis and angiogenesis. 

Several recent studies support that for a significant number of cancers, elevated 

levels of STAT3 were correlated with poor disease prognosis (Leeman et al., 2006, 

Frank et al., 2007, Germain et al., 2007). STAT-3 activation initiates the activation 

of several genes that block apoptosis, favor cell proliferation and survival, inhibit 

anti-tumour response, and promote angiogenesis and metastasis (Leeman et al., 

2006, Frank et al., 2007; Germain et al., 2007, Regis et al., 2008). Recent studies 

have taken the approach of disrupting STAT3 signalling, that leads to growth 

inhibition and apoptosis in tumour cell lines and can impair tumour growth in mouse 

Xenograft cancer models (Leeman et al., 2006, Germain et al., 2007, Jing et al., 

2005, Egloff and Grandis, 2009, Boehm et al., 2008). Western blot data presented 

in chapter 2 revealed that Irinotecan treatment resulted in increased protein 

expression of NF-ꝁB in both healthy and CRC-induced cohorts, indicating increased 

inflammation. APX3330 treatment showed significantly low NF-ꝁB protein 

expression in both healthy and CRC mice demonstrating the anti-inflammatory 

properties of the treatment. 

 

Other post-translational modifications such as acetylation, methylation, and 

SUMOylation can alter STAT3 transcriptional activity by altering STAT3 

phosphorylation (Sgrignani et al., 2018). This adds more complexity to cancer 

pathology by adding more chances of getting STAT3 transcriptional activation, 

making it challenging to target inhibiting the protein. Acetylation, demethylation, 

methylation, phosphorylation, and sumoylation can collectively phosphorylate 

STAT3 and stimulate the transcriptional activation that is ultimately expressed in 

target gene transcription in the nucleus (Ishibashi et al., 2018). As a result of STAT3 

phosphorylation, it up-regulates gene transcription of BCL-xl, Cyclin D1/D2, MCL1, 

MYC, Survivin, and downregulates P53 oncogene which in turn aids in cancer cell 

proliferation and survival (Johnson et al., 2018). Transcriptional activation of STAT3 
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increases the gene activation of MMP2/9, HGF, bFGF, VEGF, and HIF1α, resulting 

in the decrease in the target gene activation of AKT CXCL10, IL-12, IFN-β/γ, and 

p53 that aids in angiogenesis of the tumour (Johnson et al., 2018). Increasing the 

post-transitional activation of STAT3 further enhances the expression of MMP2/9, 

Twist1, and Vimentin, which enhance tumour metastasis (Johnson et al., 2018). IL-

6/10, PD-1/PD-L1/PD-L2, TGFβ, and VEGF expression have been up-regulated by 

STAT3 phosphorylation while CD80/86, CXCL 10, CCL5, MHC class ll, TNF, IFN- 

β/γ and IL-12 post-transcriptional gene activation is being down-regulated the 

STAT3 (Johnson et al., 2018).   Therefore, targeting the STAT3 signalling pathway 

has shown significant therapeutic potential in cancer treatment. Inhibiting STAT3 

protein has several therapeutic benefits, including reduced tumour cell-intrinsic 

proliferation, improved immunosuppressive crosstalk within the tumour 

microenvironment, and enhanced anti-tumour effects of tumour-infiltrating immune 

cells. Data from chapter 2 revealed that Irinotecan treated cancer-free mice was 

associated with decreased expression of STAT3 and increased expression of 

pSTAT3, demonstrating activated STAT3 protein into its phosphorylated state, 

indicating downstream activation of several other transcription factors such as 

HIF1-α, AP-1, and NF-kB furthering Irinotecan induced inflammation. In CRC-

induced cohort, APX3330 treated, and combination treatment of APX3330 + 

Irinotecan increased expression of STAT3 and decreased expression of pSTAT3, 

indicating less activation of STAT3 protein into its phosphorylated state resulted in 

reduced downstream activation of several transcription factors that support tumour 

growth, survival, metastasis, angiogenesis, and inflammation.  

 

The secondary spread of the tumour depends on the type of cancer, 

aggressiveness, and treatments (Melzer et al., 2017). Tumour metastasis occurs 

when cancer cells detach from the primary site, typically entering the circulatory or 

lymphatic system traveling through the lymph or blood, adhering to secondary sites, 

and producing more tumours (Melzer et al., 2017). This process typically involves 

several essential steps, including local invasion, intravasation, survival in the 

circulation, arrest at the distant organ site and extravasation, micrometastasis 

formation, and metastatic colonisation (Pachmayr et al., 2017). After the cancerous 
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cells grow into a primary tumour, it activates matrix metalloproteins (MMPs), 

allowing the cancer cells to invade local tissues by degrading basement 

membranes. These MMPs are either produced by cancer cells themselves or 

stimulate the extracellular matrix to produce them (Pachmayr et al., 2017). The 

solitary, invading cancerous cells undergo epithelial to mesenchymal transition 

(EMT), allowing cells to repress E-cadherins and upregulate N-cadherins. This 

process is maintained via several transcription factors. It enables the cancer cells 

to adapt from epithelial cells to mesenchymal cell phenotype that aids its ability to 

intravasate into the bloodstream (Pachmayr et al., 2017). N-cadherins also have 

less affinity to intracellular adhesion allowing cancer cells to further local tissue 

invasion. Once the cells undergo EMT, they can make their way into the 

bloodstream through the surface of the blood vasculature. Once the cells pass 

through the intravasation process, they can disseminate to different sites of the 

body and lodge into secondary sites. Cancer cells then undergo extravasation by 

squeezing through the blood vessels and entering the secondary sites in the 

extracellular matrix, allowing them to form colonies and secondary tumours. Newly 

colonised tumours stimulate formation of new blood vessels called angiogenesis 

which is triggered by hypoxia. Angiogenesis supports further tumour growth and 

metastasis (Melzer et al., 2017). Most metastasised cancers have limited treatment 

options due to the multifactorial survival mechanisms of cancer. One possible 

treatment avenue is by preventing angiogenesis. Hence, preventing the cancerous 

cells from spreading through the circulatory system and preventing the growth of 

new tumours. It is essential to stop the secondary spread of the tumour as, 

according to recent statistics, above 90 percent of cancer-related fatalities are due 

to metastasis. Therefore, targeting metastasis in cancer treatment is essential since 

inhibition of metastasis could affectedly reduce fatality rates (Simmons, 2019). 

Regarding anti-tumour properties of the different treatment options, only the CRC-

induced cohort was considered. Data presented in chapter 2 revealed that Vehicle 

+ Vehicle-treated CRC-induced mice had the highest number of tumours and the 

largest size of caecum engorged with many tumours. At the same time, APX3330 

treatment resulted in a lower number of tumours and the average diameter of 

caecum free from tumours and polyps.  
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Angiogenesis and anti-angiogenic targets stirred recent cancer treatment 

avenues. It is regulated by a mixture of large amounts of pro-and anti-angiogenic 

molecules such as Vascular Endothelial Growth Factor (VEGF), platelet-derived 

growth factor (PDGF), tumour necrosis factor (TNF)-α, interleukin (IL)-8, 

transforming growth factor (TGF)-α, transforming growth factor (TGF)-β, and 

angiogenin (Zhao., et al., 2015, Folkman et al., 2007). Cancer prognosis mainly 

depends on the amount of pro-and anti-angiogenic factors present in the tissues, 

which in retunes govern the aggressiveness of cancer (Nishida et al., 2006, 

McMahon et al., 2000). The balance between pro-and anti-angiogenic factors 

exhibits cast irregularities in cancer resulting in the aberrant forming of new blood 

vessels that supply blood to forming tumours (Folkman et al., 2007, Goel et al., 

2011). Antiangiogenic therapies such as anti-VEGF treatment have been approved 

for cancer treatment (McMahon et al., 2000, Zibara et al., 2015, Vasudev et al., 

2014). VEGF is a major factor that stimulates and enhances the growth of new 

blood vessels into newly forming tumours. Therefore, it is imperative to recognise 

significant transcription factors aiding cancer progression and survival. It is also 

essential to block or inhibit their function for better cancer treatment and decreased 

treatment resistance. In that regard, APX3330 proves a more significant potential 

and therapeutic target to control tumour growth. Our study focussed on the 

therapeutic potential of Irinotecan, Oxaliplatin, APX3330, and combination 

treatment to investigate the efficacy of the treatments as an anti-tumour therapy. 

VEGF expression was assessed in CRC-induced mice via Western blot 

experiments. Data revealed that Vehicle-treated CRC-induced mice had the highest 

VEGF protein expression suggesting high susceptibility to neovascularisation 

providing blood supply to newly developing tumours. On the contrary, APX3330 and 

combination therapy of APX3330 with Irinotecan expressed significantly lower 

VEGF protein expression highlighting the efficacy of APX3330 as an anti-tumour 

agent.  

       

The neuroprotective and anti-tumour efficacy of APX3330 in combination 

with Oxaliplatin is presented in chapter 3. Oxaliplatin treatment caused severe 

constipation measured by faecal water content on days 1, 7, and 14 in cancer-free 
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mice and CRC-induced cohorts. Our study revealed that APX3330 treatment 

improved the weight gain and faecal water content back to their normal range, 

suggesting that APX3330 may alleviate the gastrointestinal side effects associated 

with chemotherapy. Previous research conducted by our lab group and several 

other studies has demonstrated that Oxaliplatin treatment caused delayed 

gastrointestinal transit, reduction in the total number of colonic contractions, drop in 

the proportion and frequency of colonic migration motor complexes (CMMCs), 

reduction in the frequency of short contractions (McQuade et al.,2017, McQuade et 

al.,2016), inhibition of CMMS in the colon following Oxaliplatin treatment (Wafai et 

al., 2013) and inhibition of intestinal transit following cisplatin-treated rats (Vera et 

al., 2011). These changes caused by Oxaliplatin treatment caused a reduction in 

faecal output and reduced faecal water content (McQuade et al., 2016). In Chapter 

3, we have also found similar results with Oxaliplatin treatment. We have also 

introduced the efficacy of APX3330 to alleviate Oxaliplatin-induced constipation for 

the first time. 

    

Neuronal damage and loss have been closely correlated with oxidative 

stress (Rojas-Gutierrez et al., 2017, Lassmann and Horssen, 2016). It has been 

reported in several pathologies, including Charcot-Marie neuropathy, acrylamide-

induced neuropathy, diabetic neuropathy, and chemotherapy-induced peripheral 

neuropathy (Areti et al., 2014, Saifi et al., 2003, Chandrasekaran et al., 2011, 

Vincent et al., 2004). Recent research has identified the clinical importance of 

oxidative stress and corresponding mitochondrial damage as critical players in the 

emergence of oxaliplatin-induced peripheral neuropathy (Jugait et al., 2022, 

Kerckhove et al., 2017, Zheng et al., 2011). Recent research on Oxaliplatin-treated 

rats has reported that mitotoxicity is highly expressed in the sciatic nerve of the 

Oxaliplatin-treated cohort, resulting in a disruption in cellular respiration and ATP 

production associated with peripherical neuropathy following Oxaliplatin treatment 

(Zheng et al., 2011). Oxaliplatin-induced elevated ROS production was found to 

negatively affect the mitochondrial electron transport chain (mETC) leading to 

mitochondrial dysfunction (Joseph and Levine, 2009). Recent research conducted 

by Gampala and the collaborators (2021) found that Ref-1 inhibitors caused 
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decreased utilisation of TCA cycle substrates slowing the growth of cancer cell in 

co-culture spheroids as well as tumuor size reduction demonstrated in the in vivo 

xenograft model (Gampala et al., 2021). Oxaliplatin-induced mitochondrial 

dysfunction caused the release of cytochrome c from the mitochondria into the cell 

leading the cells to initiate the intrinsic pathway of cell death (Waseem et al., 2017). 

Chapter 3 demonstrated that Oxaliplatin treatment causes neuronal damage in the 

distal colon. It is also associated with mitochondrial reactive oxygen species and 

mitochondrial dysfunction. Western blot experiments of cytochrome c expression in 

the distal colon revealed that Oxaliplatin treatment caused the highest level of 

cytochrome c expression in the distal colon following 14 days of in vivo treatment 

in both healthy and CRC-induced mice indicating elevated levels of oxidative stress 

associated with the treatment. APX3330 reduced cytochrome c expression after 14 

days of treatment, in the CRC-induced cohort. Cytochrome c release from 

mitochondria triggers the downstream activation of caspase 9 and caspase 3, 

forming mature proteosomes to execute apoptosis via intrinsic pathways (Vince et 

al., 2018). A recent study conducted in neuronal cultures from dorsal root ganglia 

(DRG) has also found that Oxaliplatin-treated mice exhibited increased levels of 

mitochondrial superoxide levels (Kelley et al., 2014). Neurons are susceptible to 

oxidative stress and are more vulnerable to ROS-induced damage due to the widely 

found polyunsaturated fatty acids enriched in nerve cell membranes (Lenkiewicz et 

al., 2016). ROS have also been found to alter the ion transport mechanism of the 

cell, directly vis modifying regulatory proteins or indirectly via peroxidation of 

membrane lipids (Angelova and Abramov, 2016). Several research has identified 

that elevated ROS production in the cell is associated with the destruction of several 

intracellular components, including mitochondria (Wei et al., 2000).  

 

Data revealed that Oxaliplatin treatment caused a substantial myenteric 

neuronal loss in the distal colon following 14 days of in vivo treatment. Wholemount 

preparations of the distal colon labelled with anti-protein gene product 9.5 (PGP9.5) 

antibody exhibited that Oxaliplatin treatment caused the highest myenteric neuronal 

loss in healthy and CRC-induced cohorts. APX3330 showed neuroprotective effects 

on enteric neurons. When used as a combination therapy with Oxaliplatin, it could 
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increase the total neuronal number to Oxaliplatin treatment alone, indicating its 

neuroprotective properties. Elevated expression of ROS with Oxaliplatin treatment 

and myenteric neuronal loss in the distal colon were further associated with high 

expression of neuronal nitric oxide synthase (nNOS) immunoreactive (IR) neurons 

in the distal colon. Similar results have been reported in rats and mice treated with 

cisplatin and oxaliplatin, having an increased proportion of nNOS-IR neurons (Wafai 

et al., 2013, Vera et al., 2011). Our data from chapter 3 identified that Oxaliplatin 

treatment was associated with increased expression in the number and the 

proportion of nNOS-IR neurons in the distal colon in healthy and CRC-induced 

mice. On the contrary, in both healthy and CRC-induced cohorts, APX3330 treated 

mice were found to have decreased expression of nNOS-IR neurons in the distal 

colon. Nitric oxide (NO) released from nNOS-IR motor and interneurons functions 

as an essential neurotransmitter that controls gastrointestinal motility (Takahashi, 

2003, Lecci et al., 2002). The stupendous yield of NO and concomitant nitrosylation 

has been associated with inhibition of dynamin-related protein 1, correlated with 

synaptic impairment and disruption in synaptic transmission (Savidge, 2011). 

McQuade et al., 2016 has also found that Oxaliplatin-induced oxidative stress 

causes enteric neuropathy.   

 

Platinum accumulation and inflammation are other essential factors 

associated with Oxaliplatin-induced enteric neuronal loss. Concurrent existence of 

oxidative stress and low-grade inflammation has been reported in several diseases, 

including chronic kidney disease, cardiovascular disease, diabetes, alcoholic liver 

disease, and neurodegenerative conditions (Cachoferio et al., 2008, Biswas, 2016, 

Ambade and Mandrekar, 2012, Biswas et al., 2007, Onyango, 2008, Hald et al., 

2007). Another research conducted by Fischer and Maier has reported that both 

oxidative stress and chronic inflammation can cause deleterious executes on 

neurons (Fischer and Maier, 2015). Thus, the researchers suggest future directions 

to investigate whether Oxaliplatin treatment-induced oxidative stress instigates 

systemic inflammation in the long haul (Stojanovska et al., 2017).   
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An elevated level of APE1/Ref-1 expression was reported in several cancer 

pathologies, including colorectal cancer, prostate cancer, breast cancer, renal 

cancer, gastric cancer, multiple myeloma, non-small cell lung cancer, gynaecologic 

cancers, pancreatic cancer, glioblastoma, germ cell tumours, head, and neck 

tumours and osteoblastoma (Wang et al., 2019, Zheng et al., 2012, Kelley et al., 

2011, Su et al., 2011,). Chapter 3 demonstrated that Oxaliplatin treatment caused 

significantly high expression of APE1/Ref-1 in the myenteric plexuses neurons of 

the distal colon assessed by immunohistochemistry data of the wholemount 

preparations and in western blot experiments. Vehicle + Vehicle-treated; CRC-

induced mice also had significantly high APE1/Ref-1 protein expression. Data 

revealed that APX3330 treatment reduces the expression of APE1/Ref-1 in both 

immunohistochemistry and western blot experiments.     

 

In chapter 3, we have also assessed the downstream protein expression of 

STAT3 and pSTAT3 to evaluate the activation of possible regulatory pathways. Our 

data revealed that Oxaliplatin-treated mice exhibited the highest pSTAT3 protein 

expression in the cancer-free and CRC-induced cohorts indicating elevated 

downstream activation in the STAT3 regulatory pathway. Vehicle-treated CRC 

group also had elevated expression of pSTAT3, indicating increased activation of 

the STAT3 regulatory pathway.  Activation of STAT3 indicated by high expression 

of pSTAT3 is associated with tumour growth, proliferation, metastasis, 

angiogenesis, survival, and inflammation. On the contrary, APX3330-treated, and 

combination treatment of Oxaliplatin + APX3330 had significantly lower expression 

of pSTAT3, indicating reduced activation of STAT3 regulatory pathway inhibiting 

tumour growth and metastasis. 

 

Data presented in chapter 3 revealed that the Vehicle + Vehicle-treated 

group exhibited the largest caecum, the highest number of tumours and polyps 

following 14 days of treatment. Considering the anti-tumour efficacy of the 

treatments, Oxaliplatin treatment was effective in reducing tumour progression, 

however, it was not successful in the complete inhibition of the tumour growth. 
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APX3330 treatment, was a successful treatment by having no secondary spread of 

tumours following 14 days. Combination treatment of APX3330 + Oxaliplatin 

showed the most promising outcome among all the treatment groups by having no 

visible tumour formation in the primary tumour induction site as well as the absence 

of metastasis.   

 

The expression of vascular endothelial growth factor (VEGF) in the distal 

colon segments was measured via western blot experiments to investigate the anti-

angiogenic properties of different treatment options. Chapter 3 data revealed that 

the vehicle-treated CRC group had the highest expression of VEGF protein, 

followed by the Oxaliplatin + vehicle-treated group suggesting high susceptibility to 

neovascularisation providing blood supply to newly developing tumours. APX3330 

treatment alone and the combination of APX3330 + Oxaliplatin had significantly 

lowered the expression of VEGF, indicative of inhibition of forming new blood 

vessels. 

  

4.3 Conclusion and Future Directions  

 

Based on our research findings and most previous research findings, it is fair to 

conclude that the mechanisms underlying chemotherapy-induced gastrointestinal 

dysfunction arise because of complex and multifaceted mechanisms. Importantly, 

our research presented for the first time APX3330 showed enhanced enteric 

neuronal survival and improved GI function following Oxaliplatin and Irinotecan 

treatment. APX3330 treatment reduced the severity of constipation following 

Oxaliplatin treatment and alleviated Irinotecan-induced diarrhoea. Therefore, the 

importance of further investigation of the effects of APX3330 on gut microbiota and 

its association with enteric neurons is highlighted in this study for future directions. 

Faecal water content following Oxaliplatin treatment also indicated severe 

constipation by having significantly low water content compared to other treatment 

groups. On the contrary, faecal water content following Irinotecan treatment was 
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considerably higher than in different treatment groups denoting chronic diarrhoea 

following 14 days of treatment. APX3330 treatment in both Oxaliplatin and 

Irinotecan chapters showed successful results by protecting enteric neurons from 

Oxaliplatin and Irinotecan treatment, followed by improving Oxaliplatin induced 

constipation and Irinotecan caused diarrhoea indicating the correlation between 

chemotherapy-induced enteric neuronal damage and gastrointestinal dysfunction.  

 

This thesis has demonstrated that individual administration of Oxaliplatin and 

Irinotecan caused neuronal damage and substantial reduction of myenteric neurons 

in the distal colon, significantly correlated with gastrointestinal dysfunction. 

Combination therapies such as FOLFIRI, FOLFOX, and FOLFOXIRI are currently 

being used in the clinical setting to treat CRC (Van Cutsem et al., 2010, Grothey et 

al., 2004, Falcone et al., 2002, Souglakos et al., 2006). While the effects of 

combination chemotherapeutic treatments on the enteric nervous system have yet 

to be further investigated, the anti-cancer efficacy of combination 

chemotherapeutics such as FOLFIRI and FOLFOX have been validated in mouse 

models of CRC (Robinson et al., 2013). Present work on using APX3330 combined 

with Oxaliplatin and Irinotecan to treat CRC successfully provides the groundwork 

for investigating consequent enteric neuronal survival and improved gastrointestinal 

dysfunction.  

 

Considering the similarities and differences between tumour bearing and 

non-tumour bearing mice that were treated with Oxaliplatin, Irinotecan and 

APX3330 non-tumour bearing mice exhibited less damage to the GI tract compared 

to tumour bearing mice. At the end of the treatment period at day-14, tumour 

bearing mice had visibly fragile GI tracts that did not have much storage life in the 

cool room compared to non-tumour bearing mice. Fine dissections had to be carried 

out carefully during immunohistochemistry experiments due to fragile nature of the 

GI tract of the tumour bearing mice. The cecum of the mice that received 

combination treatment of Oxaliplatin + APX3330 and Irinotecan + APX3330, 

appeared much similar to non-tumour bearing mice. Irinotecan-treated tumour 
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bearing mice exhibited symptoms of severe diarrhoea compared to Irinotecan-

treated non-tumour bearing mice. Combination of APX3330 + Irinotecan seems to 

mitigate the adverse side-effects due to exhibiting milder symptoms of diarrhoea 

compared to other groups of tumour bearing mice. Similarly, Oxaliplatin-treated 

tumour bearing mice showed extreme symptoms of constipation compared to non-

tumour bearing mice. With regards to the number of myenteric neurons in the distal 

colon, Untreated-non tumour bearing mice had the highest number of myenteric 

neurons compared to Oxaliplatin and Irinotecan-treated non tumour bearing mice 

and treatments received tumour bearing mice.                 

 

APX3330 has completed the phase I clinical trials in oncology and phase IIb 

in DR/DME as a single chemotherapeutic agent (Kelley et al., 2017, Boyer et al., 

2022). It has been progressing on its way to use in several other cancers as a 

chemotherapeutic treatment. Previous research has found that APX3330, in 

combination with 5-FU, successfully reduces tumour growth and metastasis (Fishel 

et al., 2011). Given the severity of enteric neuronal loss associated with Oxaliplatin 

and Irinotecan treatment in chapters 2 and 3, APX3330 was administered as a 

single treatment and as a combination therapy with oxaliplatin and Irinotecan in 

healthy and CRC-induced mice to investigate the neuroprotective and anti-tumour 

efficacy of the treatment. Several studies conducted in chemotherapy, such as 

platinum compounds, taxanes, bortezomib, and vinca alkaloids treated in animal 

models, have found that mitochondrial dysfunction and axonal mitotoxicity 

contribute to neuropathic symptoms (Podratz et al., 2011, Jin et al., 2008, Zheng et 

al., 2011, Zheng et al., 2012). Data presented in chapter 3 and findings from 

previous research advocate the association of oxidative stress-related 

mitochondrial dysfunction in the progression of enteric neuropathy and the damage 

to peripheral sensory neurons (Areti et al.,2014). Since Oxaliplatin-induced 

mitochondrial dysfunction has been associated with enteric neuropathy, several 

studies suggest the potential of drugs to improve mitochondrial function as a 

therapeutic approach to prevent chemotherapy-associated GI side-effects (Xiao 

and Bennett, 2012).  
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Although this study is the first to investigate the neuroprotective and 

anticancer efficacy of APX3330 in combination with Oxaliplatin and Irinotecan in 

healthy and CRC-induced mice, several limitations may impact the clinical 

relevance of the study. This may include, but is not limited to, 1) the use of older 

animal models closer to relevant to human age, which has a high risk of getting 

CRC; 2) expand the study to investigate the changes and the association with the 

immune system, since it is closely related to disease pathology and chemotherapy 

side-effects; 3) include a group of mice that underwent a mock surgery to access 

the implications of an invasive procedure as well as to evaluate the effect on 

neurons following surgery-associated stress and healing; 4) incorporate 

experiments that directly measure oxidative stress and DNA damage; 5) include 

more studies on the expression of proteins in intrinsic and extrinsic apoptotic 

pathways in western blot experiments; 6) investigate the total protein expression 

and cleaved/phosphorylated protein expression of the same protein to see 

activation or inhibition of the protein with the treatment; and 7) use of human studies 

to validate the clinical relevance of the findings in a preclinical model of CRC 

 

The duration of the candidature did not allow to continue experiments with 

sham treatment and combination treatment of APX3330 with Oxaliplatin and 

Irinotecan in healthy mice. Due to unforeseen circumstances of a global pandemic 

during most of the study period, access to the animal facility to perform live animal 

experiments, and to the WCHRE laboratory to perform molecular studies were 

limited. Hence, the number of mice used in each group had to be reduced to meet 

the deadlines. We considered the complex interactions between chemotherapy-

induced gastrointestinal side effects in cancer-free mice, cancer/tumour-affiliated 

gastrointestinal dysfunction, and chemotherapy-induced GI side-effects. Previous 

research on human CRC studies has found significant damage to the nerves that 

supply large intestines during CRC invasion and changes in the neuronal fibre 

density of both myenteric and submucosal plexus (Godlewski, 2010). Our research 

had focused on the combined changes in the myenteric plexus neurons and their 

subpopulations in the distal colon following 14 days of administration of Oxaliplatin, 

Irinotecan, APX3330, and Sham in both healthy and CRC-induced mice. Future 
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research needs to be conducted to determine the molecular level interactions and 

possible regulatory pathways to a better understanding of subcellular interactions 

of the treatment agents and other proteins. Further, the chemotherapeutic potential 

of APX3330 is currently under phase II clinical trial to treat several cancers, 

including pancreatic and colon cancer, with promising results (Jiang et al., 2010). 

Using APX3330 as a chemotherapeutic agent in combination with either Oxaliplatin 

or Irinotecan is relatively new, and intensive research should be conducted to bring 

this novel therapeutic approach from bench to bedside.  

 

The enteric nervous system contains inhibitory and excitatory neurons that 

can be identified through their expression of nNOS and ChAT in the cytoplasm 

(Furness, 2012). These excitatory and inhibitory enteric neurons predominately 

regulate gastrointestinal functions. APX3330 treatment caused enteric 

neuroprotection, reduced inflammation, and exhibited anti-tumour properties. 

APX3330 seems to attenuate the inflammation by downregulating several 

transcription factors and stimulating endonuclease activity to repair damaged DNA 

(Kelley, 2020, Mijit et al., 2021). In this study, we found that long-term intestinal 

inflammation following Irinotecan treatment was correlated with significant 

myenteric neuronal loss in the distal colon, whilst co-administration APX3330 

mitigated the inflammation and improved symptoms of diarrhoea that change the  

colonic and intestinal motility (McQuade et al., 2017). APX3330 treatment 

prevented Irinotecan-induced damage to the nerve fibres. APX3330 treatment 

decreased the expression of ChAT-IR neurons and (VAChT)-IR fibres resulting in 

a low proportion of ChAT-IR cells, and (VAChT)-IR fibres in the myenteric plexus of 

the distal colon preventing muscles from increased contractile activity that leads to 

diarrhoea. 

 

Oxaliplatin treatment caused severe constipation measured by faecal water 

content that has also been demonstrated in previous studies by delayed 

gastrointestinal transit, reduction in the total number of colonic contractions, drop in 

the proportion and frequency of CMMCs caused a reduction in faecal output and 
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reduced faecal water content (McQuade et al., 2017, McQuade et al., 2016). 

Oxaliplatin-induced mitochondrial dysfunction causes the release of cytochrome c 

from the mitochondria into the cell leading the cells to activate caspase 9 and 

caspase 3, forming mature proteosomes to execute apoptosis via intrinsic pathways 

(Waseem et al., 2017, Vince et al., 2018) that leads to neuronal damage and loss 

in the distal colon. Data revealed that Oxaliplatin treatment caused a substantial 

myenteric neuronal loss and APX3330 showed neuroprotective effects on enteric 

neurons by expressing the lowest cytochrome c expression. Oxaliplatin treatment 

was associated with increased expression in the number and proportion of nNOS-

IR neurons in the distal colon. APX3330 treated mice were found to have decreased 

expression of nNOS-IR neurons in the distal colon. Our research has shown for the 

first time that the neuroprotective effects of APX330 successfully alleviate 

Oxaliplatin-induced damage that leads to constipation. 

 

Finally, this thesis has delivered significant evidence to draw a correlation 

between chemotherapy-induced gastrointestinal dysfunction and enteric neuronal 

loss in mice; limited studies in humans have been conducted to draw definitive 

conclusions on chemotherapy-induced enteric neuronal loss. Previous research in 

human colon samples from chemo-treated patients has demonstrated the changes 

in electrophysiological properties in myenteric neurons (Carbone et al., 2016) and 

nuclear translocation of specific proteins from the cytoplasm (Carbone et al., 2016, 

Stojanovska et al., 2016), suggesting neuronal damage. Nevertheless, the possible 

regulatory molecular pathways need to be further investigated, along with the 

extensive analysis of the efficacy, safety, and mechanism of action of APX3330 co-

treatment with other chemotherapeutic agents in CRC patients. 

 

Regardless of the recent developments and therapeutic discoveries for the 

treatment of metastatic CRC, the median overall survival of patients was only 

improved from 12 months to 24 months over the past decade. Thus, the five-year 

survival expectancy of patients remains unchanged (Balko and Black., 2009, Bathe 

et al., 2009, Fletcher, 2009, Meyerhardt and Mayer, 2005). Even though the 
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discovery of a cure for cancer would be the ultimate achievement, optimization of 

already excising chemotherapeutic agents that are used in the clinical setting as 

well as the discovery of effective treatments for chemotherapy-induced side effects 

provides a sustainable avenue for research to bring about an improved prognostic 

outcome of CRC. Based on several previous research findings relevant to our 

research arena, as well as the research findings from our lab group indicate the 

importance of protecting enteric neurons from chemotherapeutic agents would hold 

the succession of future research in mitigating chemotherapy-induced 

gastrointestinal dysfunction (Wang et al., 2007, Pachman et al., 2011, Argyriou et 

al., 2006, Bardos et al., 2003, Jin et al., 2012, Ta et al., 2013, Melli et al., 2008, 

Brederson et al., 2012, Piccolo and Kolesar, 2014, Pace et al., 2010). Our research 

and previous findings show that pharmacologically protecting enteric neurons holds 

a robust future direction to alleviate chemotherapy-induced enteric neuropathy and 

gastrointestinal dysfunction.       
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SUPPLIMENTARY DOCUMENTS 

  

 

 

 

 

Cross-sectional preparation of the distal colon of IRI+VEH-treated 

mouse with CRC labelled with an anti-MPO antibody (yellow), 

neuronal marker anti-β Tubulin III antibody (magenta) and DAPI 

(green) (Scale bar = 100µm) 
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CHAPTER 2  

Figure SD 2.14 APE1/Ref-1 protein expression in the distal colon 

 

 

Figure SD 2.17 APE1/Ref-1 protein expression in the distal colon of mice with 

CRC 
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Figure SD 2.22 (A) NF-ꝁB protein expression in the distal colon 

 

Figure SD 2.22 (B) NF-ꝁB protein expression in the distal colon 
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Figure SD 2.23 (A) Signal transducer and activator of transcription 3 in the 

distal colon in mice without cancer 

 

 

Figure SD 2.23 (B) Phosphor signal transducer and activator of transcription 3 

protein expression in the distal colon in mice without cancer 
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Figure SD 2.24 (A) Signal transducer and activator of transcription 3 protein 

expression in the distal colon in with CRC 

 

 

Figure SD 2.24 (B) Phosphor signal transducer and activator of transcription 3 

protein expression in the distal colon in with CRC 
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Figure SD 2.27 Vascular endothelial growth factor protein expression following 

treatments in mice with CRC 
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CHAPTER 3  

Figure SD 3.7 APE1/Ref-1 protein expression in the distal colon of mice 

without cancer 

 

 

Figure SD 3.10 APE1/Ref-1 protein expression in the distal colon of mice with 

CRC 
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Figure 3.13 (A) Cytochrome c protein expression in the distal colon   

 

 

Figure 3.13 (B) Cytochrome c protein expression in the distal colon   
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Figure 3.14 (A) Signal transducer and activator of transcription 3 protein 

expression in the distal colon in mice without cancer 

 

 

Figure 3.14 (B) Phosphor signal transducer and activator of transcription 3 

protein expression in the distal colon in mice without cancer 
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Figure 3.15 (A) Signal transducer and activator of transcription 3 protein 

expression in the distal colon in CRC-induced mice. 

 

 

Figure 3.15 (B) Phosphor signal transducer and activator of transcription 3 

protein expression in the distal colon in CRC-induced mice 
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Figure SD 3.18 Vascular endothelial growth factor protein expression following 

treatments in CRC-induced mice.    

  

  

 




