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Abstract 
 

Chemotherapy is an effective first-line treatment against cancer; however, it induces 

a myriad of serious sequalae, including skeletal muscle dysfunction and wasting (SMDW) and 

fatigue, which we hypothesise is underpinned by mitochondrial dysfunction. When 

chemotherapy-induced (CI) SMDW is instigated in childhood, it often endures and manifests 

over the lifespan resulting in exacerbated morbidity and, in some cases, mortality. Despite 

much research having investigated individual chemotherapeutic agents and their effect on 

the skeletal muscle in mice (including our own), these models failed to evaluate the potential 

interactions between agents in a poly-pharmaceutical regimen, or, the effects of long-term 

and multi-staged chemotherapy regimens like that used in hospitals world-wide. Therefore, 

this thesis investigated the impact that gold-standard chemotherapy regimens used to 

combat the three common childhood cancers: acute lymphoblastic leukaemia (ALL), non-

Hodgkin’s Burkitt lymphoma (NHBL) and medulloblastoma, on the skeletal muscle system in 

healthy juvenile mice and monitored the effects of treatment endured over the lifespan.   

After establishing pre-clinical animal models for three gold-standard chemotherapy 

regimens, we showed that, regardless of regimen, eight weeks of treatment to four-week-old 

mice induced considerable skeletal muscle dysfunction which was characterised by significant 

muscle weakness, fatigability and, in 2 of the 3 regimens, lean mass loss. Although the age of 

onset of these sequalae were variable (varying between eight-weeks and 30-weeks of life), 

mitochondrial dysfunction was evident, identifying a point for therapeutic intervention. As 

such, we investigated the efficacy of daily Idebenone treatment (a powerful antioxidant and 

mitochondrial Co-Q10 analogue) against mitochondrial dysfunction and thus CI-SMDW. 

Idebenone co-therapy greatly improved mitochondrial performance in chemotherapy-

treated mice, as well as protecting against lean mass loss and improving overall strength in 

the more aggressive chemotherapy regimen used against NHBL. Moreover, Idebenone co-

therapy was shown to completely abate chemotherapy-induced mortality in the NHBL 

regimen, reducing mortality from 77% to zero.     

This thesis shows that childhood chemotherapy, regardless of the aggressiveness of 

the regimen or the classes of drugs used, induces life-long SMDW which is likely contributed 

to by mitochondrial dysfunction. The mitochondrial targeting therapeutic, Idebenone, shows 
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promising potential for clinical application against the SMDW sequalae and mortality induced 

by some regimens, with the potential to improve childhood chemotherapy patient outcomes 

and survivability.  
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 1.1 Introduction 
 

With a mortality rate of approximately 58%, cancer is one of the leading causes of 

death worldwide resulting in the loss of over 8 million lives a year 2. Within Australia, 1 in 2 

persons will develop cancer before the age of 85 with an estimated 150,000 cases to be 

diagnosed per year in 2020 3,4. Although less than 1% of these cases will be children aged 1-

14 3, cancer is still the leading cause of non-accidental death within this subgroup 5. Over the 

past 20 years, the 5-year relative survival rate for children for all cancer types has improved 

from 68% for 1983-1989 to 81% for 2004-2010  with survival rates continuing to improve to 

this day 6. This improvement in survival can be directly attributed to advancements in early 

detection and more advanced treatment methods, such as individualised supportive care and 

more efficacious anti-cancer drugs to name a few. However, although immediate side effects 

of these treatments are well categorised, the long-term side-effects of these newer 

treatments are not well understood 7. Of these, chemotherapy is the leading intervention and 

the most effective aside from surgical resection when a completely resectable tumour is 

identifiable 8,9. Chemotherapy elicits its anticancer effect by attacking replicating cells, 

generally by halting DNA replication 10. But, due to their non-specific mode of action,  

chemotherapeutics also attack healthy cells, halting the cellular replication process and 

hindering normal growth 11 which is of particular detriment to the growing child.  

To fully appreciate the broader health risks incurred by childhood chemotherapy and 

its negative effect on the normal physical growth of a child (described in more depth in S1.3), 

three long-term health outcomes have been identified for use: health status, mortality and 

morbidity 12. Of these, both health status and mortality have been well investigated 12-16. For 

example, a 2003 study investigating the health status of 9535 U.S. adult childhood cancer 
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survivors showed 44% of survivors indicated 1 or more health domain(s) (general health, 

mental health, functional status, activity limitations, cancer-related pain, and cancer-related 

anxiety/fears) being moderately or severely affected 16. For mortality, a 2012  study by the 

Australian Government showed that the 5 year survival rate of Australian children between 

0-14 years of age was 81% from date of diagnosis, compared to 99.99% for the healthy cohort 

6 highlighting a severe decline in the survivability of childhood chemotherapy patients.  Of 

those that survive chemotherapy treatment, morbidity within this cohort is greatly increased, 

with 70% of survivors developing chronic disease later in life 17. Survivors are also 8 times 

more likely than their siblings to develop severe or life-threatening chronic health conditions, 

such as myocardial infarction, congestive heart failure, premature gonadal failure, secondary 

cancers and severe cognitive dysfunction 7,12,18-20. Growing evidence also suggests that normal 

skeletal muscle growth and repair processes are compromised by chemotherapeutic 

treatment, which can manifest into chronic chemotherapy-induced skeletal muscle 

dysfunction and wasting (CI-SMDW) throughout the lifespan, culminating in reduced 

strength, endurance and mobility 18,19,21,22. Early childhood skeletal muscle growth is 

hyperplastic (i.e. new muscle fibres are generated by mitosis), with the final muscle fibre 

number set by approximately 7 years of age, after which muscle fibres only grow in size (i.e. 

hypertrophy) through the absorption of newly divided muscle precursor cells (refer to S1.3.2). 

Our research group has previously hypothesised that mitotically active skeletal muscle 

growth, whether hyperplastic or hypertrophic, is inadvertently targeted by 

chemotherapeutics to reduce or completely arrest cellular proliferation and thereby reduce 

the overall mass, quality and function of the skeletal muscle system for life 11,18,19,22,23. These 

long-term dysfunctions greatly reduce the child’s capacity to respond successfully to future 

treatments – or be fit enough to receive treatment at all – if indeed the cancer relapses (due 
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to a reduction in lean tissue mass). Moreover, a loss of lean mass is directly linked to 

reductions in quality of life both during and after treatment; which is attributable to the 

child’s shortcomings of muscle strength, endurance and recovery 11,22,24. 

Currently, CI-SMDW is “treated” in the clinic via maintenance of a higher dietary 

protein intake 25,26, although this is not possible in all patients and has not been established 

experimentally as being protective against this form of skeletal muscle mass loss. Overall, the 

current recommended treatment protocols to combat CI-SMDW are far from clear – such as 

exercise and pharmacological recommendations by key opinion holders which vary greatly in 

their approach 27-32 – and are underscored by the lack of understanding of the mechanisms 

that underpin it. This lack of understanding is exacerbated by the complexity of, and variance 

in, the types and locations of cancer that exist and the children that the cancers exist within. 

Complicating efforts to isolate the sequalae associated with CI-SMDW is the complex 

pathology of cancer cachexia itself, which, through its own means, induces lean mass loss 33 

(refer S1.2.3). Further, as there is no one gold standard of chemotherapy drug or treatment 

regimen, physicians use a plethora of different chemotherapeutic agents with differing modes 

of action and toxicity, in varying combinations, dosages, administrative timings and delivery 

methods, and in combination with or separately from radiotherapy and/or surgical resection; 

with all of these variations having the capacity to affect the body (refer S1.2.2). Compared to 

adults, children also experience the most severe levels of detriment to the musculature from 

chemotherapy when administered during their childhood, suggesting that their active-growth 

status primes their susceptibility to chemotherapy toxicity 34. As such, an understanding of 

the mechanisms that lead to paediatric CI-SMDW would be beneficial for the development of 

therapies that could be applied to patients during chemotherapy, regardless of the regimen 

they receive.   
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This chapter will first explore the aetiology of paediatric cancer and the most common 

cancers that plague children. The known physical side-effects of cancer treatments will then 

be explored, concentrating on the detrimental effects that chemotherapy has on the skeletal 

muscle. Key areas of research interest within this area will then be discussed with the aim of 

summarising the known mechanisms which underpin CI-SMDW in the childhood cancer 

patient and survivor. Afterwards, prospective areas for therapeutic intervention against CI-

SMDW will be reviewed, followed by an evaluation of previously published experimental 

models within which their efficacy against CI-SMDW can be investigated. For this thesis, 

children who have been diagnosed with cancer or who are undergoing treatment for cancer 

will be referred to as patients. Patients who have survived the original cancer incident 

(defined as a 5-year event free survival (EFS) and inclusive of relapse patients) will be referred 

to as a survivor.     
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1.2 Paediatric Cancer and Cancer Cachexia 
 

1.2.1 Endogenous and exogenous causes of paediatric cancer  
 

A large majority of cancers today are linked to risk factors associated with lifestyle 

choices – such as obesity, smoking, alcohol and sedentariness – and involuntary carcinogenic 

exposure 35. These associations with cancer development serve to assist our understanding 

of why adults develop cancer at a rate of close to 1 in 2 35. However, most paediatric cancer 

patients have rarely had the opportunity to experience these risk factors. Behind these 

environmental oncogenic perpetrators, lay a more complex and hidden landscape of cancer 

inducers. With the advancement of genetic science, the interplay between proto-oncogenes, 

such as BRCA1, MYC, RAS and WNT genes, and tumour suppressor genes, such as the p53 

gene, has provided some back story as to why humans are especially susceptible to cancer 

and, in some cases, why we are destined to develop cancer before we are even born 36-39. 

These proto-oncogenes, however, need to be switched on to have an oncogenic effect 40 

rather than being oncogenic to begin with 41-43. Conversely, tumour suppressor genes must 

also be first switched off for neoplastic growth to be initiated and maintained within the body 

44,45. This theory has been substantiated in congenital twin studies where the major 

contributing factor for cancer development in this cohort was shown to be environmental 

factors, rather than by genetically inheritable means 46,47. Considering that genetically 

identical twins can have considerably different phenotypic outcomes (which are largely 

dependent on the environments that they grew up in) 46,47, concentration should lie on the 

factors that control genetic deciphering, rather than the genetic code itself. These factors are 

known as epigenetics. Nawrot et al 48 eloquently described epigenetics as “the conductor who 
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interprets the unchanging musical score (our genetics) and then in turn controls its symphonic 

performance (phenotypic outcome)”. In normal circumstances, epigenetic regulation does 

not lead to oncogenic outcomes, rather, it is the combination of anomalous epigenetics in 

combination with the presence of proto-oncogenes which results in neoplastic growth. 

Similarly, the presence of oncogenes does not necessarily result in the development of cancer  

49,50. Epigenetics thus play an obligatory role in the development of paediatric cancer. It 

should be mentioned, however, that regardless of epigenetics, the risk of developing cancer 

is significantly increased with genetic inheritance of specific proto-oncogenes 51. Inheritance 

is only associated with an increased risk and not a definite result. Thus, the question then 

remains, if proto-oncogenes are required to be activated and tumour suppressor genes 

deactivated, together with abnormal performance of epigenetics, what mechanisms are 

causing these alterations? There are two major theories which serve to answer this question: 

chance 52-55 together with, or independent of, environmental factors 55,56. In terms of chance, 

due to the intricacies of biological mechanics and the highly choreographed nature of cellular 

replication (and indeed the replication of genetic information), there lays a considerable 

number of opportunities for abnormalities to occur throughout our lifecycle. Endogenous 

abnormalities can come to fruition in many forms, varying from cellular level errors such as 

failed protein folding 57,58 and mistakes in DNA replication 59-63 to larger more systemic 

problems like errors with inflammatory processes 64-66 and the immune system 67-69. These 

endogenous blunders are thought to contribute to the alterations which lead to changes 

within our genetic and epigenetic systems which ultimately enable carcinogenesis to occur 

independent of exogenous insults. Conversely, exogenous insults from our own surrounding 

environments can both initiate and exacerbate endogenous abnormalities which can 

consequently drive carcinogenesis. In terms of childhood cancer, many lifestyle related 
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diseases that drive carcinogenesis in adults (such as obesity, type-II diabetes, cardiovascular 

disease, smoking, alcoholism etc.) are generally not developed by children, at least until their 

adolescent years. Recent studies have made clear indications though that parental lifestyles 

can negatively affect prenatal development. Parental smoking for example, regardless of 

whether maternal ingestion of smoke is primary or secondary in nature during pregnancy, has 

been shown to increase the unborn child’s risk of developing cancer 70-73. A plethora of 

maternal lifestyle choices have also been linked to increased prenatal cancer risk 74,75, such as 

alcoholism 76 and meat consumption 77,78. Further risk factors,  such as pre-conception 

exposure to radiation 79-83, teratogenic and toxic chemicals 84-86 , air pollution87,88 and low 

socio-economic status 89 have also been shown to increase the risk of childhood cancer, 

regardless of which parent is exposed.  

With such a complex series of carcinogenic factors, all of which can interact and 

modify the outcome of the other, the exact cause of paediatric cancer is still elusive. Although 

a plethora of risk factors have been identified, the cause of paediatric cancer can be said to 

be generally prenatal – or even preconception – in nature, which, after genetic mutations 

have been created through endogenous or exogenous means, result in the malfunctioning of 

vital biological processes which results in cancerous neoplastic growth.  
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1.2.2 Most common paediatric cancers and their treatments 
 

Although a child in the developed world has a small chance of developing cancer 

(0.23% in the US before the age of 14) 55, the impact cancer has on a child and their family’s 

life is immense. 1 in 5 children will not survive 5 years from diagnosis 6 and, with most children 

being diagnosed before the age of 15, the impact of cancer-related morbidity (and mortality) 

which these children live with for the rest of their life is considerable 55. In 2009 in the US, 

153,390.4 years of potential life was lost due to childhood cancer 90. Important here is that 

the most common paediatric cancers: central nervous system (CNS) tumours, leukemias and 

non-Hodgkin Burkitt lymphomas, accounted for approximately 60% of the total years lost by 

this demographic 55,91,92. In the case of survival, 44% of survivors will report serious negative 

side effects, including a significantly increased relative risk of developing secondary cancers, 

over the lifespan 16. Often these morose statistics can be attributed to the interventions used 

to treat the cancers, rather than the side effects of the cancers themselves 13,22,93-96. However, 

the side effect profile of each cancer and its correlated treatment is dependent on the 

cancer’s pathology and the mechanisms which underpin the interventions.  Fortunately, if 

diagnosed early and appropriate treatment commenced, most non-invasive paediatric 

cancers can be effectively managed.  

Aside from surgical resection, chemotherapy is the leading treatment against cancer 

97 with distinctive chemotherapeutics required to treat different cancers, due to their unique 

mechanisms of anti-mitotic action and the differing physiological profiles of the cancers 

themselves (refer Table 1.1). For example, alkylating agents irreversibly damage cellular DNA 

(either nuclear or mitochondrial) by interfering with base pairing, preventing repair and 
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replication, arresting the cell-cycle and inducing cell-death 98,99. Whereas antimetabolite 

agents block the formation of DNA building blocks, thus, blocking the DNA replication process 

resulting in the same outcome 100-102. Mitotic inhibitors such as vinca alkaloids, on the other 

hand, interfere with cellular mitotic machinery blocking the cell division process and inducing 

cell death: for example, vincristine inhibits centromere action inhibiting cytokinesis 103,104. 

Moreover, the anti-tumour antibiotics, for example, have been used for over 50 years to treat 

a number of different cancers including leukaemia, prostate, ovarian, lung and breast 105,106, 

with doxorubicin hydrochloride (Adriamycin®)— an anthracycline with limited therapeutic 

tolerability and efficacy due to its highly toxic effects on the heart—used extensively to treat 

solid tumours 107,108. Being one of the oldest and most widely used of the chemotherapeutics, 

Doxorubicin’s mechanism of action and side-effects are widely researched and reported. A 

number of mechanisms of action have been proposed to explain the effective neoplastic, 

cytotoxic and cytostatic nature of doxorubicin, which include: (1) DNA intercalation thus 

inhibiting protein biosynthesis and affecting transcription processes 109,110; (2) free radical 

formation resulting in cellular damage and apoptosis signalling and/or necrosis 111-113; (3) 

inhibition of topoisomerase II 114, an important nuclear DNA transcription enzyme; and (4) 

intrinsic mitochondrial apoptotic signalling 115.  

Due to the uncontrolled replicative nature of cancer, agents which inhibit replication 

offer high therapeutic yield and, as such, chemotherapy is often the only required anti-

neoplastic intervention when multiple chemotherapies are used in combination. An 

exception to this is CNS tumours, where radiotherapy is often used in conjunction with 

chemotherapy and surgical resection to abolish the tumour. CNS tumours are extremely 

variable in location and cell-line origin and can be either benign or malignant 116. 

Medulloblastoma  is the most common malignant childhood CNS tumour 116-119 and is an 
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abnormal embryonal manifestation of neuronal cell differentiation which often metastasises 

via the cerebral spinal fluid 120. The majority of medulloblastomas manifest from the inferior 

cerebellar vermis, in the posterior fossa of the cranium, where it typically spreads through to 

and fills the fourth ventricle 116,121,122. Due to the accessible location of this type of cancer, 

surgical resection is the front-line treatment, usually followed by cranial irradiation and/or 

chemotherapy which can cross the blood brain barrier, such as lomustine (a nitroureas 

alkylating agent), to consolidate removal of the primary tumour and metastases 123,124. 

Comparably, surgical resection is a front-line treatment for non-Hodgkin’s Burkitt lymphoma 

(NHBL) as this form of cancer often manifests as a large single tumour 125. Paediatric NHBL is 

a rapidly growing cancer of mature B-lymphocytes, with patients usually presenting with high-

grade abdominal, head or neck tumours 126. Due to the aggressive nature of this typically 

paediatric cancer, suitably aggressive short-cycle high-dose chemotherapy regimens, 

sometimes supported by targeted irradiation therapy, are used for treatment 127,128.  Similarly, 

acute lymphoblastic leukaemia (ALL) is a malignant disease of the immune system – in this 

case genetic mutations of B- and T-cell progenitors resulting in proliferation of immature 

leukemic blast cells – which peaks in incidence in children between 2-5 years of age 129-131. As 

the ALL pathology involves blood cell precursors, chemotherapy is the front-line treatment, 

with the aim of abolishing all leukemic blasts prior to their maturation 132. Until recently, in 

instances where CNS involvement was present, cranial and spinal irradiation was used with 

promising effects, however, significant impact on the long-term neurological health of the 

patient was prominent 133-135. Further advancements in paediatric-ALL treatment (particularly 

through the work of St Jude’s Children’s Research Hospital 136) has since seen irradiation 

largely replaced by intrathecal chemotherapeutic administration which offers improved long-

term patient outcomes. Regardless of cancer, however, the alkylating agents, anti-tumour 
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antibiotics and antimetabolites usually form the basis upon which combination 

chemotherapeutic regimens are built, as all cancer cells require DNA replication for neoplastic 

growth to occur and these agents target that process.        

                      Anti-cancer intervention, however, is not without the risk of significant side-

effects. Surgical resection, for example, has its obvious potential for sequalae (such as 

nosocomial infection, surgical error, anaesthetic complications etc). Especially when used 

against CNS cancers, cranial and spinal irradiation too poses significant risks. Irradiation is 

similar to chemotherapy in that it causes irreparable and indiscriminate cellular DNA damage 

in its target field 137. As such, it damages all cells, both healthy and malignant, within the line 

of therapy. CNS radiation has been observed to induce lifelong neurological and intellectual 

disabilities even at the lowest effective doses 138,139, with rates of close to 100% when 

irradiation is used in children under 7 years of age 140. Chemotherapeutics, on the other hand, 

are the gold-standard where multiple or systemically homogenous targets exist, such as 

malignant metastasis, non-tumour cancers (such as haematological cancers) or multi-loci 

cancers (such as those which involve the lymphatic system), due to their indiscriminate action 

and systemic mode of delivery. As malignant cancers often have the capacity to metastasise, 

whether they are observable or not, chemotherapy is often used to ‘mop up’ any unobserved 

metastasis’, blood born or systemic cancers, or any residual cancer cells which remain in the 

primary loci after surgical removal of the tumour.  

Although effective, chemotherapies exert a multiplicity of acute and chronic side 

effects that greatly increase both morbidity and mortality in the paediatric cancer patient. As 

the primary mode of action of these agents are to inhibit the cell-cycle, any healthy cells 

undergoing cellular replication during their administration will also be inadvertently targeted. 



13 
 

The skeletal muscle, particularly that in children, falls under this highly replicative category as 

the organ relies on specialised cells which replicate to achieve muscle growth, muscle mass 

maintenance and muscle repair. Any anti-mitotic insult here results in devastating effects to 

the patient. Although the more detailed components of the chemotherapy-muscle 

relationship will be discussed in S1.3 below, it is important to recognise CI-SMDW as a 

devastating side effect of chemotherapeutic treatment on multiple organ systems with 

significant long-term clinical implications (for more refer to 11,18,93,141-145). Although body 

surface area is used to determine initial dosage, measures of lean mass are often used as a 

determining factor for chemotherapy dosage, frequency and overall patient survival, a loss of 

muscle mass diminishes treatment options for the patient and considerably reduces patient 

outcomes 146-149. Moreover, chemotherapy-induced loss of muscle mass strongly and 

negatively impacts patient quality of life through the loss of muscle strength, endurance and 

recovery capacities and, ultimately, patient independence 14,18,22,93,150,151. Unfortunately, for 

the patient, cancer, and the very therapy that is used to treat it, have both been shown to 

initiate the loss of skeletal muscle, further exacerbating the CI-SMDW phenotype.
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Table 1.1: Mode of action and reported side effects of chemotherapy agents from various drug classes 

 

Class of agent Common drugs Common treatment Mode of action Side effects 
Alkylating agents  Nitrogen mustards (mechlorethamine, chlorambucil, 

cyclophosphamide, ifosfamide, melphalan) 
 Nitroureas (including streptozocin, carmustine, 

lomustine)  
 Alkyl sulfonates (busulfan)  
 Triazines (including dacarbazine & temozolomide)  
 Ethylenimines (including thiotepa and altretamine)  
 Platinum-based (oxaliplatin, cisplatin, carboplatin) 

 Leukemia  
 Lymphoma 
 Multiple Myeloma  
 Sarcoma  
 Cancers of the breast, 

ovary, lung and 
colorectum 

Interfere with DNA base pairing, causing 
strand breaks and preventing replication:   

 DNA lesion formation  
 Arrest of DNA synthesis   
 Inhibition of RNA synthesis 

 Anaemia   
 Impaired 

spermatogenesis 
and gonadal 
function 

 Nausea and 
vomiting  

 General weakness 
Anti-tumour 
antibiotics 

 Anthracyclines (daunorubicin, doxorubicin, epirubicin, 
idarubicin)  

 Actinomycin-D  
 Bleomycin  
 Mitomycin-C   
 Mitoxantrone 

 Wide variety of 
cancers 

Interfere with enzymes involved in DNA 
replication, preventing replication:   

 Works at all phases of the cell cycle 

 Cardiac dysfunction 
& toxicity  

 Nausea and 
vomiting   

 Muscle weak 

Antimetabolites  5-fluorouracil  
 6-marcaptopurine  
 Capecitabine  
 Cytarabine  
 Floxuridine  
 Fludarabine  
 Gemcitabine  
 Hydroxyurea  
 Methotrexate  
 Pemetrexed 

 Leukemias   
 Cancers of the 

breast, ovary and GI 
tract 

Block the formation and use of nucleic acids 
required for DNA replication:  

 Substitute for nucleic acids of DNA and 
RNA  

 Interfere with DNA and RNA growth  
 Damage occurs during S phase 

  Hair loss   
 General weakness   
 Nausea and 

diarrhoea 

Topoisomerase 
inhibitors 

 Topoisomerase I inhibitors (topotecan & irinotecan) 
 Topoisomerase II inhibitors (etoposide, tiliroside, 

mitoxantrone) 

 Leukemias 
 Cancer of the lung, 

ovary & GI tract 

Interfere with Topoisomerase I and II:  
 Block DNA separation  
 Block DNA replication 

 Nausea and vomiting   
 Hair loss   
 General weakness 

Mitotic inhibitors  Taxanes (paclitaxel & docetaxel)  
 Epothiolones (ixabepilone)  
 Vinca alkaloids (vinblastine, vincristine, vinorelbine)  
 Estramustine 

 Leukemia   
 Lymphoma  
 Myeloma  
 Sarcoma  
 Cancers of the breast 

& lung 

 Interfere with mitosis in the M stage 
of the cell cycle 

 Peripheral and 
central neuropathy 
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1.2.3 Cancer cachexia vs chemotherapy-induced lean muscle mass loss  
 

An important distinction needs to be made between the muscle mass loss from cancer 

versus the loss induced by chemotherapy. On the one hand, muscle mass loss as a sequalae 

of a pathology, such as cancer, is currently understood as a complex metabolic syndrome 

characterised by systemic inflammation, on-going loss of muscle and a negative protein and 

energy balance with or without the loss of fat mass. This pathology is currently described as 

cachexia (see Figure 1.1). What makes cachexia different from anorexia is that even with 

nutritional therapy, the loss of muscle mass cannot be completely reversed and irreparable 

functional impairment of the muscle is often observed 33,152-158. A key opinion paper by Fearon 

et al 33 has quantified the amount of muscle mass loss in cachexia as a 5% reduction in lean 

mass with or without the loss of body fat, or a loss of >2% of lean mass when the patient’s 

body mass index (BMI, calculated as weight (kg)/height(m)2) is below 20 33. On the other hand, 

chemotherapy-induced muscle mass loss has no such clinical definition aside from being a 

side effect of chemotherapeutic treatment or being misdiagnosed all together and being 

categorised as cancer cachexia. For example, Fearon et al 33 outlined that cancer cachexia 

should be seen as a continuum, with patients moving from pre-cachexia, to cachexia and then 

refractory cachexia, with various risk factors exacerbating progression through the stages 

(refer Figure 1.1). Important here is that the lack of response to anticancer therapy has been 

identified as a key risk factor to the progression of cachexia, as, if the anti-cancer treatment 

is successful, treatment will be reduced or ceased all together, the cancer reduced in size or 

eradicated, and the combined overall cachectic effect of both the cancer and chemotherapy 

either reduced or abolished. But, if interventions fail, the cancer continues to remain, and 

treatments (like chemotherapy) increased in dosage and frequency, ultimately exposing the 
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patient to greater drug toxicities and a greater, overall, combined cachectic effect. In terms 

of the cachectic effects of treatments, chemotherapy is of the greatest concern due to its 

systemic mode of administration. An increase in chemotherapy dose will increase the severity 

(or even presence) of its associated side effects; such as lean muscle mass loss (for a plethora 

of reasons ranging from the cellular level with induction of muscle cell and organelle damage 

and/or impairment of cellular energy and signalling systems to impairment of abrogation of 

systemic growth mediators such as gonadal function and thus sex hormones production) 

11,24,141,143,144,159-163 and food intake reduction 164,165; the very sequalae associated with cancer 

cachexia.  

 There is no question that cancer itself can result in a reduction of muscle mass 

independent of chemotherapy 166. For example, in one multicentred study; more than 50% of 

patients diagnosed with non-small cell lung carcinoma were classified as cachectic at the time 

of diagnosis 167 suggesting considerable body mass loss had occurred prior to any 

interventions commencing. However, herein lies the problem: cancer cachexia can be 

investigated independently from treatment in patients, but the side effects of cancer 

treatment cannot be independently investigated in patients without the cancer being present 

for obvious ethical reasons. Thus, we are restricted in our capacity to investigate the true 

effect that chemotherapeutics have on the lean muscle mass in human patients. Of course, it 

can be argued that any change to the cachectic phenotype once chemotherapy commences 

could be attributed to the chemotherapy itself. However, this rudimentary reasoning does 

not answer several key questions; does chemotherapy exacerbate cancer cachexia, or does it 

induce muscle mass loss via a separate pathway? Is the life-long skeletal muscle dysfunction 

and mass reduction seen in chemotherapy survivors a result of this exacerbation, or is it a 

sequalae of the chemotherapy? Pin et al aim to answer some of these questions by 



17 
 

investigating the difference in effect of cancer- versus chemotherapy-induced (twice a week 

combination of 5-fluorouracil (50 mg/kg), leucovorin (90 mg/kg), and CPT-11 (24 mg/kg) via 

intraperitoneal injection for) cachexia in 8-week adult old mice 168. Using comprehensive 

metabolomic investigations, they showed clear differences in system energy substrate 

utilisation between each of the groups (cancer, cancer+chemotherapy and chemotherapy 

alone) as well as differing changes in amino acid and fatty acid metabolism. Although an 

important study which highlights potential differences that underpin cancer- versus 

chemotherapy-induced muscle mass loss, the model used for these investigations has its 

shortfalls. Notably, the FOLFIRI regimen used was delivered to mice in combination through 

injection twice weekly, where, clinically, patients would receive these drugs over the course 

of 48 hours once per fortnight. Moreover, mice were sacrificed once they had lost 10% of 

their body weight which is ideal for investigating the molecular changes of the induced 

cachexia, but not for the long-term mechanisms of CI-SMDW. In any case, a vast number of 

resources are currently being employed to understand the underlying mechanisms behind 

cancer cachexia in order to complete the cancer cachexia side of the equation, including 

preclinical animal models reviewed by Ballarò  et al  from University of Torino which aim to 

investigate the cancer cachexia (refer 169 for further reading). However, limited efforts have 

been undertaken to develop our understanding of the mechanisms behind CI-SMDW. As CI-

SMDW greatly impacts patient survivability and quality of life, it is important to understand 

how chemotherapy impacts the muscle which, in doing so, may unlock the answers to treating 

not only CI-SMDW, but cachexia and other muscle wasting diseases as well. 33    
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Figure 1.1: Stages of cancer cachexia: Cancer cachexia is a multifaceted pathology which lacks definitive biomarkers to 
define progression. Clinical signs such as weight loss and muscle mass loss are used as diagnostic factors, however, stage 
progression is thought to be exacerbated by risk factors such as anticancer therapy. Adapted from Fearon et al.34.  
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1.3 Chemotherapy, skeletal muscle and the mitochondria: the CI-
SMDW pathology 
  

1.3.1 Basic skeletal muscle anatomy and physiology 
 

The skeletal muscle system is a highly plastic and dynamic arrangement which 

comprises 15-40% of a child’s body composition and is continuously undertaking cellular 

replication to both promote, maintain and repair muscle 170,171. This is in contrast to adult 

muscle tissue which is not as highly plastic, and only undertakes replication to repair damaged 

muscle. 170,171 The primary function of the skeletal muscle system is the production of 

movement, with secondary functions including temperature regulation, amino acid storage 

(up to 70% of the body’s protein stores) and myokine production 172. Skeletal muscle is 

primarily composed of muscle fibres which are bound together by connective tissue. Muscle 

fibres are contained by a plasma membrane known as the sarcolemma and are comprised of 

smaller myofibrils which contain the functional component of the muscle, the sarcomere (see 

Figure 1.2). Myofibrils consist of an array of functional and structural proteins, such as actin, 

myosin, troponin and tropomyosin, which lay parallel to each other and create contractional 

force through the intricately choreographed sequence of connecting, pulling and releasing by 

functional proteins – known as cross bridge cycling (see Figure 1.2) 173-175. Skeletal muscle 

contains a homogenous mixture of fast-contracting (oxidative) and slow-contracting 

(glycolytic) fibres 176. This variance in fibre type allows a diversity in performance, such as high 

explosive force, slow maintained force or fine motor skills, with particular performance type 

being favoured by the increase in one fibre-type over another 177,178. It is the combination of 

fibre types, fibre length, total fibre number and fibre size that give variation in overall muscle 
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performance and function. Throughout the lifespan the demands and stresses on the skeletal 

muscle system can change in response to a plethora of stressors, stimuli and environmental 

variables. Thus, skeletal muscle is continuously remodelled, by way of total muscle mass, size, 

fibre type ratio, vascular supply etc., to adapt to these new demands 178,179. The amount of 

total muscle mass, or lean mass, is a key wellness factor positively correlated with good 

health, survivability and quality of life 1,180. Lean mass is regulated by several factors, which 

will be discussed in more depth in later sections, but include nutritional status, physical 

activity levels, hormonal balance, disease state and other compounding external factors such 

as drug interactions, which alter the balance between protein synthesis (muscle growth) and 

protein degradation (muscle wasting). 181      
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Figure 1.2: Representative image of the skeletal muscle and the muscle contractile unit. A cross section of skeletal muscle 
showing its constituent smaller muscle fibres being made up of muscle fascicles. These then contain numerous (middle) 
individual myofibrils (right) which are contained within connective tissue. Upon contraction, tropomyosin undergoes a 
conformational change, exposing binding sites on the actin filaments. Myosin heads bind to these binding sites and 
complete a power stroke essentially pulling the actin filaments (and attached Z-line towards the M-line of the myofibril. 
This is repeated successively until the contraction stimulus is revoked and is referred to as cross bridge cycling. 177  
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1.3.2 Paediatric muscle: Growth, development and repair 
 

During the formative years of growth, children triple their weight within the first 2 

years of life 182 with the greatest rate of skeletal muscle development occurring during these 

years as new muscle fibres are created 183,184. It is also during this period that children will 

experience one of the highest incidence rates of developing cancer in their lifetime, resulting 

in exposure to anti-mitotic therapies as treatment 185. This is of considerable clinical 

significance as skeletal muscle growth is a complex process which is founded on mitotic 

activity, the very process chemotherapy is designed to stop. Mitotic skeletal muscle growth 

begins within somites of the newly conceived embryo where the continuous influx and fusion 

of myoblasts results in an increase in myofibres and myonuclei 186,187. This process of new 

myofibre creation is referred to as hyperplastic growth. Briefly, undifferentiated stem cells 

undergo differentiation into myoblasts (myogenic stem cell) which initially fuse together to 

create primary myotubes. After this formation occurs, unfused myoblasts begin to aggregate 

and fuse together to create a secondary myotube using the first as a scaffold. Myoblasts then 

begin to fuse into the terminal ends of the primary and secondary myotubes, elongating both 

tubes into myofibres. Lengthening continues as the myofibres are filled with contractile 

proteins, which inadvertently push the nuclei to the periphery of the myofibre 176,188. 

Myofibres continue to lengthen until they attach to tendon cells signifying the appropriate 

length has been reached – this process is guided by mechanical tension sensed by the 

structural components of the fibre 189. Myoblasts stop fusing at the ends of the fibres and 

instead either begin to create other myotubes or attach to the exterior of the newly built 

myofibres (more specifically between the sarcolemma and basal lamina 190) and lay dormant 

(now referred to as satellite cells) until repair, regeneration or hypertrophic growth is 
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required 175,191-193 (these processes are explored in more depth in section 1.4.1). For muscle 

growth to occur at normal rates, suitable numbers of undifferentiated stem cells need to be 

available. For this to occur, stem cells throughout the ancestral line must complete mitotic 

replication to maintain the population. Although satellite cells appear to be critical in muscle 

development, the actual number of quiescent satellite cells vary between fibre types and 

whole muscles. In general, oxidative fibres express an increased density of satellite cells 

compared to glycolytic fibres 194. This process is accompanied by axonal growth, synaptic 

formation and the creation of neuromuscular junctions all of which are critical for nervous 

control of muscle growth and function and occurs largely prenatally 195-197. 

As chemotherapy halts cellular replication, it is important here to highlight how 

growth over this period is linked to cellular replication as high levels of satellite cell mediated 

growth could be severely limited by chemotherapeutic treatment. Several studies have 

shown that musculoskeletal growth within the first few months of life involves significant 

increases in cross-sectional myofibre area (through the addition of new myofilaments 198,199), 

and longitudinal area (through satellite cell fusion 200,201). Gokhin et al quantified this increase 

in mice showing a two-fold myofibre number increase, a seven-fold increase in myofibre 

cross-sectional area, and a four-fold increase in muscle mass within the first 28 days of 

postnatal life 188,202. During this initial growth spurt however, a reduction in satellite cell 

population is observed. Shultz et al. 203 measured this reduction in the mouse lumbar muscle 

showing an immediate decline to approximately 30% of the number of nuclei of the muscle 

tissue soon after birth, with further reduction occurring until a steady state of 5-6% of the 

nuclei population is achieved later 203. This decline continues with age until the final years of 

the lifespan 188,204,205. These findings were supported by Oustanina et al. 206 who showed that 

knocking down Pax7, a key satellite cell developmental protein, in mice caused a 90% 
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decrease in satellite cell population during maturation and severely diminished muscle injury 

repair (as compared to control). Interestingly however, hypertrophic growth in response to 

mechanical overload has been shown to be largely independent of satellite cell presence 207 

indicating that this model of growth may be regulated by other means. These findings, that 

muscle repair as well as hyperplastic muscle growth are almost entirely satellite cell 

dependent, give insight into the CI-SMDW pathology, particularly into why symptoms are 

heightened when experienced in childhood where growth is largely hyperplastic and satellite 

cell dependent.  

As with any growth occurring within the body, environmental factors such as 

nutritional status, exercise participation, genetics and disease status play pivotal roles on the 

growth of paediatric muscle 208,209. The defined risk factors and symptoms for cachexia 

progression are the antithesis of growth, with poor caloric intake, increased fatigue and 

increased systemic inflammation all highly detrimental to proper development. With 

extended bed rest encouraging disuse atrophy and chemotherapy arresting mitotic growth, 

the paediatric musculoskeletal system stands little chance to develop in cancer patients. 

Another factor which fuels this multipronged insult is how these treatments and their 

sequalae interact with the prime energy supplier to the muscle: the mitochondria. As muscle 

tissue is one of the largest consumers of Adenosine Tri-Phosphate (ATP, the energy currency 

of the body), the mitochondria play an essential role in skeletal muscle function with the 

intricacies of this relationship, together with the effects of chemotherapy, being explored in 

the next section.   

 

 



25 
 

 

 

 

 

 

1.3.3 Basic mitochondrial physiology 
 

The mitochondria are dynamically shaped organelles, capable of forming complex 

networks, that consist of an inner and outer membrane, with the inner membrane folding in 

on itself to create a rolling structure with peaks and troughs known as cristae 210-212. The inner 

mitochondrial membrane houses numerous respiratory proteins which function together to 

perform oxidative phosphorylation (OXPHOS). This oxidative process involves the stripping of 

high energy substrates, such as NADH+ and FADH+, of their additional electrons which are 

then used to pump protons across the inner membrane against their electrochemical 

gradient. The return of protons back across the membrane down the electrochemical gradient 

then drives the mitochondrial machinery which create cellular energy (see Figure 1.4) 213. 

Often referred to as the ‘powerhouse’ of the cell, the mitochondria play a pivotal role in the 

Figure 1.3: Cartoon representation of myofibre development from myoblasts.  1) Differentiated myoblasts fuse together to form 
primary myotube 2) Myoblasts begin to fuse together to develop a secondary myotube using the primary myotube as a scaffold 3) 
myoblasts fuse at the terminal ends of the primary and secondary myotubes which elongates the myotubes into myofibre’s 4) Under-
sized myofibre’s continue to lengthen through addition of myoblasts to terminal ends until the myofibre attaches to tendon cells (not 
shown) and the intra-fibre mechanical tension increases as a result 5) Once appropriate length has been reached, myoblasts will either 
create more myofibre’s or fuse to the surface of existing myofibre’s and lay dormant as satellite cells.    
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functioning of all living human cells through the creation of this energy in the form of ATP. 

Even though the mitochondria are essential to cellular physiology, they are only partly 

controlled by the nucleus of the cell. The mitochondria house their own 16,569 nucleotide 

pairs in the form of a circular plasmid, which form 37 coding genes and a regulatory region 

214,215. These genes, together with several nuclear genes, encode for all functional 

mitochondrial proteins, including those which make up the OXPHOS machinery, making 

mitochondrial function dependent on both systems of DNA. Although a highly important 

aspect of mitochondrial function, energy production accounts for only a small component of 

the vast number of functions that the mitochondria have within the cell. In the most recent 

decade of research, the intricate nature of the mitochondrial-cellular relationship has come 

to light, highlighting a plethora of two-way interactions between the mitochondria and other 

cellular organelles and physiological processes. Of these, ATP and ROS production rates 216-

219, Ca2+ handling and storage 220-222, enzyme function 223-225 and apoptosis 111,226,227 are often 

mediated by and, at times, completely controlled by the mitochondria 1,220,228,229. The 

mitochondria are greatly susceptible to chemotherapeutic-induced DNA damage as the 

mitochondria rely on single-stranded DNA which does not have the capacity to repair itself. 

As these mitochondrial functions are innate to skeletal muscle physiology and pathology, the 

mitochondria share an intricate relationship with skeletal muscle, including regulatory roles 

of both performance and wasting, which we hypothesise is greatly affected by chemotherapy 

1. These hypotheses will form the foundation of later experimental chapters which will aim to 

establish and categorise this relationship.   

 

 



27 
 

 

 

 

 

 

1.3.4 Potential mechanisms of chemotherapy-induced mitochondrial 
myopathy  

 

Mitochondria are increasingly emerging as key players in the pathogenesis of a variety 

of diseases. Due to the highly metabolic nature of the skeletal muscle, mitochondrial density 

is also high 230, and mitochondrial dysfunction and toxicity can therefore manifest as skeletal 

muscle-specific symptomatology which include fatigue, muscle wasting, impaired 

regenerative capacity, pain, exercise intolerance, and sometimes, mild-to-severe neurological 

symptoms. Indeed, these symptoms have been well documented in chemotherapy-treated 

cancer patients 18,144,231,232 suggesting that anti-cancer chemotherapy may be non-specifically 

targeting the skeletal musculature, and perhaps even more specifically, the mitochondria to 

induce a variety of persistent adverse side effects. 

Figure 1.4: Normal physiological functioning of the mitochondrial electron transport chain (ETC). Electron carriers NADH and FADH2

deliver high energy electrons to protein complexes 1 and 2 respectively. These electrons then travel down the ETC (with assistance from 
CoQ10 shuttling electrons from Complex II to Complex III) before being accepted by oxygen at Complex IV which is then converted to 
water. Proteins I through IV utilise the high energy state of the electrons to drive proton movement from the inner mitochondrial space 
to the outer mitochondrial space with a small by-product of reactive oxygen species (ROS). After creating a proton gradient across the 
inner membrane, protons travel down their chemical (and electrical) gradient through complex V which utilises the energy created from 
this movement to form ATP from ADP+Pi. Important to mitochondrial physigology is the presence of uncoupling proteins (UCP) which 
allow the protons to move down their gradient but bypass Complex V, serving to preserve ADP stores and reduce ATP production. 



28 
 

 

A multitude of chemotherapy agents, such as alkylating agents, anti-tumour 

antibiotics and antimetabolites (previously described in S1.2.3), target DNA as its primary 

cytotoxic action. Since nuclear DNA (nDNA) is double stranded and multiple modes of repair 

are employed to maintain it, it has been hypothesised that the circular, single-stranded and 

covalently closed nature of mtDNA allows easier intercalation of DNA-targeting 

chemotherapies, and thus an increased rate of transcriptional error leading to mitochondrial 

dysfunction 115,233. Mitochondrial function, and perhaps even more so, mitochondrial 

dysfunction, is physiologically complex and is modulated by a variety of regulators including 

the mitochondrial (mtDNA) and nDNA, ROS, nuclear and cellular signalling molecules and ATP 

production amongst others 233,234. In the first instance, chemotherapy-induced mitochondrial 

dysfunction has been associated with elevated levels of mitochondrial ROS (mtROS). It is well 

established that doxorubicin treatment, for example, causes increased ROS production as a 

by-product of its metabolism via a redox cycling process unique to the anthracycline class of 

chemotherapeutics 218,235-238. Doxorubicin, which has a high affinity for the inner 

mitochondrial membrane (IMM) 239, accumulates on the matrix side and undergoes a single-

electron reduction process at complex I (NADH oxidase) of the electron transport chain (ETC) 

removing electrons vital to ATP production 240. This process forms the free radical 

semiquinone species that reduces molecular oxygen to produce the highly reactive 

superoxide (O2−) molecule and subsequently the less reactive hydrogen peroxide (H2O2) 

molecule 106,235,236,238 241,242. O2− and H2O2 collectively constitute the mtROS, which directly 

increase the state of cellular oxidative stress if not buffered effectively by endogenous 

antioxidants 239,241,243,244. Thus, doxorubicin acts via a two-hit mode of action on the 

mitochondria acting as a powerful reducer when stable, depleting ATP production and 
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available ATP stores, and as an efficient oxidiser in its semiquinone state, producing excess 

mtROS. In addition to decreasing electron flow through the ETC and thus decreasing ATP 

production, the single-strand DNA breaks created by doxorubicin (and indeed other 

chemotherapies that directly damage DNA) induces the activation of enzymes that can, such 

as glycosylase enzymes, repair such damage albeit to the detriment of ATP stores 245.  

As previously mentioned, an increase in chemotherapy-induced mtROS production is 

strongly linked to mitochondrial dysfunction and damage. However, mtROS are also thought 

to function as signalling molecules that activate several proteolytic pathways within skeletal 

muscle, including caspase-3 and calpain 239,246-248. These pathways in turn catalyse the release 

of myofilament proteins, allowing activation of the ubiquitin–proteasome system, and 

resulting in skeletal muscle degradation 248-250. Activation of the ATP-dependent ubiquitin–

proteasome system is responsible for the muscular degradation seen in homeostatic 

regulation of skeletal muscle mass and is amplified in many chronic diseases including cancer 

cachexia and diabetes 223,251,252. Thus, doxorubicin-induced skeletal muscle atrophy is strongly 

associated with mitochondrial dysfunction. This dysfunction is a direct result of increased ROS 

production via drug metabolism as well as that due to nonspecific electron leak from the 

mitochondrial respiratory chain which is likely induced by mtDNA and respiratory chain 

protein damage. These negative effects have been the basis of several investigations into 

chemotherapy-induced myopathies. Adachi et al. 253 have demonstrated strong evidence that 

the prevalence of mtDNA deletions increases with doxorubicin dosage, and exponentially 

more so with long-term exposure. In cardiomyocytes, mtDNA deletions could be prevented 

with co-therapy of the antioxidant and electron carrier co-enzyme Q10 253, suggesting that 

the aetiology of mtDNA mutation is via doxorubicin-induced mtROS rather than the 

doxorubicin semiquinone itself. Long-term doxorubicin treatment induces significant 
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reductions in skeletal muscle mass, strength, and endurance in cancer survivors (for detailed 

review, refer to 11). Scheede-Bergdahl et al. 11 postulated that the molecular basis of these 

effects was due to the progressive amplification and proliferation of mtDNA mutations. 

Gouspillou et al. 254 have also demonstrated a reduction in muscle mass and function—

thought to be due to an increase in mtROS and a reduction in mitochondrial respiration—in 

female C57BL/6 mice when treated with four cycles of doxorubicin (with one cycle equivalent 

to two 10 mg.kg-1 doses on days one and five with 3 weeks recovery). However, no evidence 

of mtDNA damage post-doxorubicin therapy (as detected by long range PCR) was found 254.  

Another effective class of chemotherapeutics are the alkylating agents, of which the 

platinum-based agents; oxaliplatin and cisplatin are used in the treatment of a wide variety 

of cancers such as lymphoma, medulloblastoma, leukemia, colorectal cancer and sarcoma to 

name a few.255-257 Oxaliplatin exerts its antibiotic effects by forming platinum–DNA adducts 

which efficiently block DNA replication forcing cell cycle arrest and ultimately apoptosis in 

mitotic cells 255-258. Both doxorubicin and oxaliplatin — although both inhibiting DNA 

replication but differing in their precise modes of action — have been shown to negatively 

affect mitochondrial function 111,112 and to induce deleterious effects on skeletal muscle that 

clinically manifest as muscle weakness 105,144,259 (refer to Figure 1.6). Gourdier et al. 260 

demonstrated that oxaliplatin treatment induces mitochondrial and energy homeostasis 

dysregulation in colorectal cancer cells, potentially through the direct mutation of mtDNA or 

via mutation of the nuclear-encoded mitochondrial proteins (refer to Figure 1.5). While this 

effect is of obvious benefit to the induction of cell death pathways in neoplastic cells, 

suppression of mitochondrial function and the disruption of energy homeostasis would have 

detrimental consequences to somatic cells, especially in highly metabolic tissues such as the 

skeletal muscle. Our group has recently demonstrated that oxaliplatin accumulates within the 
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mitochondria, and that its administration increases mtROS production, and reduces 

mitochondrial and muscle cell viability when delivered to mice over a 2 week period 159. 

Moreover, we showed in a C2C12 myoblast cell study that oxaliplatin seems to exert 

immediate but reversible inhibition of key respiratory enzymes, as shown by induction of a 

metabolic shift towards an anaerobic glycolytic phenotype following acute administration 111. 

We speculate that this phenotype shift occurs to buffer the acute suppression of respiratory 

function that occurs during the transport of oxaliplatin into skeletal muscle, and more 

specifically, the mitochondria. We speculate that oxaliplatin, specifically the platinum 

component, is competitively substituted for copper (Cu2+) at receptor sites on the copper 

transporter 1 (CT1), limiting the availability of the transporter to Cu2+ and thereby reducing 

the mitochondrial Cu2+ pool, which is essential for normal complex IV function and oxidative 

phosphorylation. A study by Lutsenko et al. 261 suggests that the mitochondrial Cu2+ 

transporter, COX17, transports Cu2+ into the mitochondria and, with the assistance of Sco 

proteins, incorporates the Cu2+ molecule into complex IV. Thus in addition to, or instead of, 

reducing the mitochondrial Cu2+ pool, it is possible that the entire oxaliplatin molecule is 

incorporated into complex IV with the potential to induce malfunction of electron flow and 

acceptance by molecular oxygen. An acute effect of oxaliplatin administration thus seems to 

be inhibition of the mitochondrial respiratory chain. The chronic effects of oxaliplatin 

treatment, however, seem intrinsically related to mtDNA damage and mutation resulting in 

gene polymorphisms as per the single-stranded breaks induced in nDNA, rather than due to 

compounding effects of acute respiratory chain inhibition. As mtDNA encodes for the matrix-

residing components of the respiratory chain complexes which are responsible for proton 

pumping and initial electron transfer, a natural consequence of such damage would be 

reduced mitochondrial function and increased mtROS production leading to skeletal muscle 
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atrophy, damage and wasting (refer to Figure 1.5). A recent study by Wisnovsky et al. 262 

highlighted the capacity for oxaliplatin to induce single-stranded breaks in the mtDNA. The 

group isolated the nDNA damaging component of oxaliplatin and conjugated it with the N 

terminus of a mitochondrial-penetrating peptide (mPP). When delivered to ovarian cancer 

lines, the oxaliplatin-mPP molecule localised solely within the mitochondria and induced 

mtDNA mutation, followed by mitochondrial death, and the induction of cellular apoptosis. 

Wisnovsky et al.’s data, combined with our own, show that oxaliplatin is capable of 

penetrating the mitochondria in its natural form and, once there, is able to damage mtDNA. 

While we are yet to determine the precise mechanisms of oxaliplatin toxicity in 

skeletal muscle, our data suggests that in addition to the anthracyclines, chemotherapeutic 

agents from other drug classes that do not necessarily induce mtROS formation as a 

consequence of drug metabolism (i.e. the platinum-based alkylating agents and the anti-

metabolite chemotherapies) are also detrimental to mitochondrial function and myofiber 

survivability. The molecular mechanisms underlying doxorubicin toxicity in skeletal muscle 

and the consequential repercussions on physiological function are being increasingly 

documented 110,163,239,243,253,263,264 and have established that mitochondrial dysfunction and 

heightened ROS production are key players. However, skeletal myopathy is a common side 

effect of chemotherapy exposure across all drug classes, and thus, if it has a mitochondrial 

origin, the initial defect seems not to be intrinsically associated with a particular mode of drug 

action, i.e. DNA damage versus inhibition of DNA replication. Indeed, our preliminary data in 

both a myotube culture and mouse model indicate that both increased mitochondrial ROS 

production and reduced mitochondrial pool viability are consequences of treatment with 

chemotherapies from various drug classes including the anti-metabolite (5-fluorouracil) and 

topoisomerase inhibitor (irinotecan) families 111,112; however, we did not observe functional 
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deficits in myotubular mitochondrial function following exposure to these drugs as per 

doxorubicin and oxaliplatin. This highlights that there are both similarities and differences in 

the precise effects different chemotherapy agents have at the mitochondrial level and 

warrants further investigation. Indeed, since doxorubicin is the only chemotherapy agent that 

has been even moderately characterised in the literature with respect to the skeletal 

muscular system, there is an immediate need for the investigation of all chemotherapeutic 

agents in current clinical use and whether their toxic effects induce similar levels of myopathy, 

such that appropriate therapies can be devised to address them. 

 

1.3.5 Consequences of mitochondrial dysfunction and ROS production on skeletal 
muscle mass 

 

A number of recent studies investigating the molecular origin of skeletal muscle 

atrophy in various diseases/conditions have concluded that atrophy is almost always 

preceded in the first instance by increased levels of mtROS 216,217,265-269. In a 2015 review, Sena 

et al. 270 outlined that mtROS production is a tightly regulated cell signalling pathway that, 

when excessive, induces mitochondrial and cellular protein damage thus leading to 

autologous mitochondrial destruction. Termed as mitophagy, this type of targeted autophagy 

is promoted in an attempt to attenuate elevated mtROS production by stressed mitochondria, 

which would otherwise inevitably induce oxidative damage, cellular energy depletion, and 

apoptotic/necrotic cell death. Attaix and Taillandier 271 have demonstrated that skeletal 

muscle mitophagy, regardless of cause, is a potent inducer of skeletal muscle wasting. Thus 

our hypothesis that chemotherapeutic agents (irrespective of the chemical class from which 

they derive) promote skeletal muscle atrophy and wasting via a mtROS/mutation-dependent 
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mechanism seems pertinent—especially since we have demonstrated elevated mtROS levels 

following exposure to chemotherapy agents from a variety of drug classes 111,112,272. Indeed, 

Gilliam et al. 239 have shown that chemotherapy (doxorubicin) treatment causes an 

immediate increase (16 hours post-treatment) in the established upstream muscular atrophy 

regulators, E3 ubiquitin ligase and Atrogin-1/ MAFbx, in cardiomyocytes via a mtROS-

dependent pathway. The effect mitochondrial dysfunction on skeletal muscle atrophy is well 

described with two studies showing that mtROS molecules are implicated in the induction of 

the FoxO family of transcription factors, which have been shown to upregulate Atrogin-

1/MAFbx atrophic signals 273,274 (for detailed review see Bonaldo and Sandri 275). In addition 

to direct modulation of atrophic signalling pathways, mtROS have the capability to oxidatively 

modify protein structures 270,276. As chemotherapeutic agents demonstrably increase mtROS 

production 111,112,159,239,272,277, it is rational to link the subsequent increase in mtROS 

concentration with the modification of mitochondrial as well as other cellular proteins. A 

study by Kurihara et al. 219 has linked excessive ROS production with dysfunctional 

mitochondrial respiratory proteins which perpetuated a positive feedback cycle of increased 

mtROS production, respiratory chain defects, mtDNA deletion, and ultimately mitophagy. As 

mitochondrial dysfunction increases, cellular energy depletion occurs which, as 

demonstrated by Neel et al. 278, leads to macroautophagy within the skeletal muscle in an 

attempt to increase substrate availability to oxidative phosphorylation and restore energy 

homeostasis—albeit a futile effort in the event of respiratory chain inhibition and/or 

defects/dysfunction. As conclusively established by Argilés et al., negative alterations in 

energy balance act as a potent stimulus of muscle atrophy; including cachexia 231,279. 

Furthermore, Maccarrone et al. 280 have implicated increased ROS levels with the propagation 

of lipoxygenases which induce structural defects within the cell leading to necrosis-induced 
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cell death, with others associating ROS-induced necrosis with organelle or plasma membrane 

modification 281. With these findings reinforcing a number of previous studies 267,282,283, 

targeting mitochondrial dysfunction to reduce mtROS production is a logical intervention 

point through which to attenuate the initiation of muscular atrophy, macroautophagy, 

necrosis, and apoptosis signalling pathways, all of which have been strongly associated with 

chemotherapy treatment 10,244,284,285.  
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Figure 1.5: Effects of chemotherapeutic agents on mitochondria and the promotion of skeletal muscle wasting. (A) The metabolism of anthracycline chemotherapies occurs at Complex I of 
the electron transport chain (ETC) within the mitochondria. The anthracycline molecule is reduced by Complex I, removing vital electrons from the ETC and transforming the anthracycline into 
its oxidative semiquinone, which reduces molecular oxygen to superoxide. This final reduction process returns the anthracycline to its non-semiquinone state. (B) Chemotherapy-induced nuclear 
DNA (nDNA) damage stimulates PARP-1 activity, which consumes NAD+ (a vital mitochondrial substrate) to repair the nDNA damage. In doing so, the NAD+ pool is rapidly depleted. This loss of 
NAD+ negatively effects ATP production as well as negatively impacting various metabolic pathways including glycolysis and TCA cycle. (C) While the precise mechanism of oxaliplatin toxicity is 
unknown, likely mechanisms are intercalation of the platinum derivative into the mtDNA and the ETC complexes, and depletion of the mitochondrial Cu2 + pool. (D) mtDNA encodes for multiple 
components of the ETC and as such damage to the mtDNA through chemotherapy treatment and increased ROS levels perpetuates a positive-feedback loop of damage and dysfunction to the 
mtDNA and cellular components of the mitochondria. (E) mtROS can oxidise the mitochondrial membranes and damage the proteins of the ETC resulting in electron leak and an increase in 
mtROS production. As ROS levels increase within the cell, they upregulate atrophic pathways leading to muscle cell degradation, necrosis due to oxidative damage, autophagy and 
macroautophagy. (F) As a result of ROS-induced (and possibly chemotherapy-induced) mitochondrial dysfunction and mtDNA damage, mitophagic pathways are stimulated in order to curb the 
number of dysfunctional and mutated mitochondria within the total mitochondrial pool. As dysfunctional mitochondria are destroyed, the capacity of the mitochondrial pool to produce ATP is 
reduced resulting in depletion of the cellular ATP pool and thus induction of various autophagic, necrotic and apoptotic pathways. Figure reference 1 
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Figure 1.6: Hypothetical model of chemotherapy-induced myopathy in skeletal muscle. (A) Chemotherapy is delivered to skeletal muscle which detrimentally 
effects nuclear DNA and potentially mtDNA. (B) Chemotherapy induces mitochondrial dysfunction resulting in increased mtROS production leading to damage of 
the skeletal muscle. (C) Damage sustained to the nuclear DNA is exemplified during mitosis causing a failure of satellite cell replication, and therefore, of 
regeneration mechanisms. (D) Long-term chemotherapy treatment results in progressive skeletal muscle damage and dysfunction due to blunted repair 
mechanisms. Figure reference 1 
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1.3.6 Protecting the mitochondria to combat CI-SMDW  
 

Chemotherapy-induced mtROS production and DNA damage has been implicated in 

mitochondrial dysfunction, energy homeostasis dysregulation, mitophagy, and subsequently 

skeletal muscle atrophy and wasting. As a result, cancer survivors are prone to low muscle 

mass, poor function and heightened fatigue. Thus, therapeutic interventions to ameliorate 

these unwanted side effects are greatly needed. We propose that the precise mechanisms 

through which chemotherapeutic agents induce mitochondrial and skeletal muscle toxicity 

and wasting be carefully characterised—particularly for those that are in current widespread 

clinical use—in the first instance. Further, while no single treatment has been identified to 

clearly ameliorate chemotherapy-induced mitochondrial dysfunction, a number of 

treatments have been used to treat other myopathies with similar symptomatology and 

which are specifically underscored by mitophagy 286,287 . Thus, targeting the mitochondria with 

either established or novel mitochondrial targeted therapeutics could provide a therapeutic 

avenue through which to provide the skeletal musculature with protection against 

chemotherapy-induced toxicity.  

 

The antioxidants endogenous CoQ10, Idebenone (IDEB) and SS-31 have been actively 

investigated as potential ameliorators of excess mtROS production and mitochondrial 

dysfunctions. Originally supplementation of CoQ10, an endogenous compound within the 

mitochondria which shuttles electrons between complexes I and III, has been used to increase 

electron transport within the mitochondria, with some promising results. A number of studies 

have shown that supra-physiological supplementation of endogenous CoQ10 increases the 
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shuttling of electrons between Complexes I and III to drive the pumping of protons from the 

mitochondrial matrix into the IMM space, restoring the mitochondrial membrane potential 

and thus the drive for mitochondrial ATP synthesis 288-290. The synthetic CoQ10 analogue 

Idebenone (IDEB) has most recently been touted as a more potent treatment option for 

mitochondrial dysfunctions, especially those with characteristic Complex I involvement, when 

compared to CoQ10 (refer to Figure 1.7) 291,292.  

 

Importantly, IDEB is currently being used in a number of clinical trials for disease states 

such as Mitochondrial Encephalopathy with Lactic Acidosis and Stroke-like episodes (MELAS), 

Leber Hereditary Optic Neuropathy (LHON), Duchenne Muscular Dystrophy, Friedreich's 

Ataxia, Alzheimer’s and general cardiomyopathy, with some promising results 286,293-295. IDEB 

therapy also has significant advantages over natural CoQ10 supplementation due to its lower 

molecular weight allowing easier up-take into the mitochondria. Due to its smaller physical 

size, IDEB has also been shown to be more readily incorporated functionally into the ETC, as 

well as being able to positively complete with natural CoQ10 296. As IDEB mimics CoQ10 

actions, treatment with IDEB has been shown to increase transfer of electrons in isolated 

mitochondria and further avert electron leak from complex I that would normally produce 

mitochondrial ROS 297. Although protective effects for IDEB with respect to chemotherapy-

induced mitochondrial dysfunction are not yet known, IDEB has been shown in a recent study 

to restore electron transfer to Complex III in cells with genetically-induced complex I 

dysfunction 298. IDEB is currently being used mainly to protect against neurodegenerative 

disorders, however, the mechanisms behind its protective nature have not been established 

although no side-effects from IDEB treatment has been noted. These data suggest that co-
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administration of IDEB with chemotherapeutic agents that induce ROS formation at Complex 

I (particularly DOX) could ameliorate mitochondrial dysfunction caused by oxidative stress in 

healthy tissues without affecting antineoplastic mechanisms in cancer cells, and as such 

should be considered for future research as a viable co-therapy (refer to Figure 1.7 for 

hypothetical schematic).  

 

While no other study has examined whether IDEB can afford benefit to chemotherapy-

induced myopathy, other free radical scavengers such as the cell-permeable antioxidant 

peptide SS31, have shown promising results. Gilliam et al 239 showed that treatment with SS31 

effectively scavenged excess hydrogen peroxide in the mitochondria which was induced by 

DOX therapy. The group also showed that post-chemotherapy treatment with the peptide 

improved mitochondrial function to increase ATP synthesis, decrease electron leak and thus 

inadvertently reduce ROS production. However, the study failed to identify whether this level 

of function was maintained when treatment with the peptide ceased or if the treatment was 

effective against long-term chemotherapy treatment as only one single dose of the peptide 

and the chemotherapy was administered. Other earlier studies 299-301 have shown that SS31 

with repeated daily doses of between 3-5mg/kg reduced markers for oxidative stress and 

protected from Ca2+ mediated mitophagy as well as cellular necrosis as a result of energy 

depletion. These earlier findings suggest that SS31 could have therapeutic advantages against 

chemotherapy induced oxidative stress, however, there is no current research providing 

insight into whether the peptide will have any negative effects on chemotherapy anti-

neoplasticity, positive effects on neoplastic growth or deleterious effects to the host if 
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combined with other drugs. Thus, due to the advanced nature of clinical trials with IDEB, co-

administration of IDEB seems to have the greatest potential against CI-SMDW.  
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Figure 1.7: Effect of chemotherapy and Idebenone on the mitochondrial ETC. A) normal physiological functioning of the mitochondrial 
electron transport chain (ETC) (as described in Figure 1.4)  B) In the presence of chemotherapy, we propose these agents inadvertently 
damage mitochondrial DNA (refer chapter 1) resulting in dysfunctional protein production and thus dysfunctional ETC complexes. These 
dysfunctional complexes, through normal activity, allow the escape of electrons from the ETC which then bind oxygen creating elevated 
amounts of ROS which can go on to further damage mitochondrial DNA and proteins creating a positive feedback loop of damage. As less 
electrons are available to travel through the ETC, a weaker proton gradient is created and thus less ATP is produced per unit of oxygen 
consumed (due to both elevated ROS production).    C) We hypothesise that the co-administration of IDEB with chemotherapy can offer 
protection against elevated ROS by forcing a redox reduction of the ROS molecules and then delivering these electrons to Complex III; 
essentially reducing the amount of damaging ROS whilst returning electrons to the ETC, restoring ATP production.              

CHEMO 

A 

B 

C 
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1.4 Potential models to investigate CI-SMDW and potential co-
therapies 
 

 Considerable efforts have been made over the previous half century to improve 

clinical evaluation of anti-cancer treatment; and with impressive results. These improvements 

can be directly correlated to improved treatments and clinical management of both the 

presenting cancer and the developed sequalae from both cancer and treatment. These 

advancements, although impressive and vital for survivability, have not addressed the 

incredible and often life-threatening side-effects which endure after the 5-year relative 

survival measurement has been surpassed. With patients being plagued by cancer relapse, 

chronic disease and pain, and reduced quality of life, a definitive answer as to where these 

sequalae originate is required. Research has shown definitively for close to 30 years that 

wholly untreated cancers induce cachexia  302,303, although for ethical reasons these studies 

have only occurred in animal models. Likewise, for investigations of the effects of 

chemotherapy independent of cancer, a plethora of cell and animal studies within this field 

are published every year (as previously cited). Though informative for mechanisms of singular and 

sometimes multiple chemotherapies, these cancer-independent studies often fail to 

investigate chemotherapy regimens in a clinical context. Studies into chemotherapeutic 

agents also neglect to investigate their long-term effects and, with clinical 5-year event free 

survival rates pushing 90%, the problem lies after 5 years where 70% of survivors develop co-

morbidities  as a result of anti-cancer treatment 7,12,18-20. For example, Riad et al 304 studying 

the therapeutic effects of statins against cardiotoxicity induced by doxorubicin in mice used 

a single once off intraperitoneal (IP) injection at 20mg/kg. Mice were culled 5 days later, and 

analysis showed that statins were effective at attenuating cardiotoxicity 304. Unfortunately, 
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there is little evidence that single dose doxorubicin is used within the clinical arena on its own. 

Further, this study only investigated the acute effects of doxorubicin treatment and failed to 

measure long term effects. A study by Fardell et al. 305 fell into the same short comings. 

Stoeltzing et al 306 considered the effects of longer-term treatment by using osmotic pumps 

which delivered 5-FU (50mg.kg.week-1) over 14 days. Although an improvement on many 

studies, mice were administered 5-FU alone, even though clinical usage of the drug is 

generally done so in the FOLFOX or FOLFIRI regimen which normally extends over a 

considerably larger time frame 307,308. Mice were again culled for analysis within a short period 

of time after treatment (in this case 7 days after cessation of treatment) offering little insight 

into the long-term effects of chemotherapeutic treatment. Contrastingly, some investigations 

considered the long-term effects of singular cytotoxic agents 309,310 including one into CI-

SMDW 277. The studies treated mice with one of several common chemotherapeutics 

(cyclophosphamide, docetaxel, doxorubicin, 5-fluorouracil, methotrexate, or topotecan) 

individually. Animals were then culled at varying timepoints after treatment cessation and 

effects of individual chemotherapeutics compared. Although an improvement on prior 

papers, drugs were administered individually, and the teams failed to acknowledge that, once 

given in combination, pharmaco-interactions between the agents could produce markedly 

different results. A systematic search of the literature (refer to Figure 1.8 for process) 

uncovered only one original research paper which investigated a clinically relevant 

chemotherapy regimen and its effects (on cognitive function) over the long-term 311. Still, no 

papers appropriately accounted for clinical treatment timeframes (such as the use of 

induction, remission, maintenance cycles etc.) or ascertained the long-term effects on 

sequalae development and survival within the surviving organism. 
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These studies indisputably play a critical role in developing our understanding of 

chemotherapeutic mechanisms and their devastating effects on the body. However, to 

further our understanding of the CI-SMDW, it is now of critical importance to advance 

research models to be capable of investigating the wholistic and complex nature of 

combination-chemotherapeutic interventions. By developing clinically relevant, pre-clinical 

animal models upon which these investigations can take place, appropriate research can then 

be conducted which can elucidate the mechanisms of CI-SMDW and, then, assess the 

therapeutic efficacy of co-therapies which can ameliorate the pathology.     

 

 

 

  

Figure 1.8: Flow chart of the selection process for publications included in analysis 
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1.5 Chapter Summary 
 

 

The clinical repercussions of chemotherapy-induced skeletal muscle toxicity range 

from reduced participation in activities of daily living, chronic fatigue, exercise intolerance, 

depression and treatment discontinuation, to an increased risk of morbidity and mortality 

from myopathy-related disease 144,312. These chemotherapy-induced pathologies are 

exacerbated when administered in children due to their high levels of mitotic growth. We 

have presented compelling evidence to suggest that the mitochondria are an etiological 

pharmacotoxic target of chemotherapy treatment which induces various co-morbidities that 

are overwhelmingly manifested in the skeletal muscular system. Given the persistent and 

severe nature of these co-morbidities, we stress the importance for a concerted research 

effort to develop appropriate (co-)/therapeutics, such as IDEB, to address the deleterious 

effects of chemotherapy-based anti-cancer therapy on the mitochondria to mitigate impacts 

on the skeletal muscular system (IDEB and potential alternatives are discussed in more depth 

in the next Chapter). However, before launching investigations into the efficacy of such 

therapeutics, we first need to properly understand both cachexia and CI-SMDW. Therefore, 

animal models upon which clinically relevant chemotherapy regimens over realistic time 

frames, with and without the cancer they aim to treat, must be developed. By doing so, the 

true acute and chronic sequalae associated with chemotherapeutic intervention can be 

isolated from the sequalae associated with the original cancer pathology. After an appropriate 

model of the pathology has been developed, targeted therapeutics against these 

chemotherapy-induced pathologies, such as CI-SMDW, can be properly developed and tested 

in a clinically relevant arena.  
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1.5.1 Thesis aims and hypotheses 
 

 

The broad aim of this thesis is to determine whether mitochondrial targeting 

therapies, specifically IDEB, can prevent acute and/or long-term skeletal muscle dysfunction 

and wasting induced by juvenile gold-standard chemotherapy treatment in clinically relevant 

mouse models. We hypothesise that the mitochondria are inadvertent targets of systemic 

chemotherapy treatment and that damage to these organelles likely underpins the CI-SMDW 

phenotype. Further, we hypothesise that systemic paediatric chemotherapy induces both 

acute and chronic mitochondrial and skeletal muscle dysfunction and that by using IDEB we 

can afford protection to both the mitochondria and the skeletal muscle, thus, ameliorating 

the CI-SMDW pathology.  

 

To complete these investigations, we will aim to:  

1. Develop clinically relevant animal models which accurately replicate 

the CI-SMDW sequalae induced by gold-standard paediatric chemotherapy 

regimens used against the most common childhood cancers; ALL, 

medulloblastoma and NHBL 

 

2. Determine whether the gold-standard paediatric chemotherapy 

regimens used against the most common childhood cancers; ALL, 

medulloblastoma and NHBL induce CI-SMDW both acutely and chronically, and 

whether this is underpinned by mitochondrial dysfunction 

 



48 
 

3. To determine whether co-delivery with IDEB can protect mitochondria, 

and thus the skeletal muscle, against CI-SMDW when given in combination with 

the gold-standard paediatric chemotherapy regimens used against the most 

common childhood cancers; acute lymphoblastic leukemia, medulloblastoma and 

non-Hodgkin’s Burkitt lymphoma 
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Chapter 2 

Intervention Animal Model Development 
Framework and Animal Model Creation 
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2.1 Introduction 
 

No animal models to date are capable of investigating the CI-SMDW sequalae in mice 

in a clinically relevant manner. As such, development of an appropriate framework was 

required to facilitate the creation of these animal models. The Intervention Animal Model 

Development Framework (IAMDF) presented here has been created as both a structure to 

develop the required animal models specifically required in this thesis to investigate CI-SMDW 

but has also been broadened for application in other areas. The framework aims to provide a 

systematic process to develop a healthy animal model upon which investigations into a 

specific clinical intervention can be launched – regardless of the area of biomedical research.  

As a foreword for the use of this framework in areas other than the requirements of 

this thesis; this framework assumes that standard scientific animal guidelines and metrics 

have been followed; such as ethical considerations and committee approval, budget, scope 

etc. Considering that this model of investigation is primarily in healthy animals, the framework 

is limited in its ability to foresee contraindications when combined with the pathology until 

the later steps in the framework. It should therefore be considered whether the intervention 

or the pathology is of key interest. For example, it must be determined whether the primary 

goal is to investigate the pathology independent from the intervention first (in scenarios 

where the pathology is not yet understood), or, whether the pathology is used as a variable 

after the viability of the intervention has been assessed (as laid out in this framework). 

Moreover, if the purpose of the animal research being developed is to transition findings into 

human trials, which it ethically should be, it is highly recommended that the reader follows 

appropriate drug development guidelines of the country that they wish to complete the trials 

in conjunction with this framework.  



51 
 

With that disclosed, each step of the framework will be presented (the structure of 

which is laid out in Figure 2.1 below), followed by how it was applied to develop the models 

which will be used later in this thesis to investigate our central research question; whether 

mitochondrial targeting therapies can prevent acute and/or long-term skeletal muscle 

dysfunction and wasting induced by juvenile gold-standard chemotherapy treatment. Thus, 

the aims of this chapter is to, first, develop a viable and robust framework which can be used 

to investigate specific clinical interventions in a healthy animal model and, second, to use this 

framework to develop investigatory mouse models by which the chemotherapy regimens 

used against the three most common paediatric cancers (as discussed in the previous chapter) 

ALL, medulloblastoma and NHBL can be launched. 
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Figure 2.1: Flow-diagram of Intervention Animal Model Development Framework (IAMDF) 
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2.2 Intervention Animal Model Development Framework  
 

Step 1: Identify target pathology and population of interest 

 

In most cases the development of an intervention focused on animal models will be 

underpinned by a pathology of interest and thus the selection of the pathology normally 

precedes the selection of the intervention. For example, a research department or laboratory 

may already be investigating pathological outcomes of a disease state and are interested in 

developing a more robust and favourable intervention to improve patient outcomes. In this 

case, the pathology and the population have previously been defined and the selection of a 

viable intervention can follow by moving on to Step 2. Alternatively, in circumstances where 

this is not the case (i.e. where a specific pathology and population has not been defined, but 

an intervention with therapeutic potential has), the pathology and target population must be 

defined to develop and refine the scope of the animal model. Thus, a sound understanding of 

how the intervention works is needed in order to match the mechanism of action to the 

processes of the pathology. For the most case, where an intervention has been shown to have 

therapeutic efficacy, and is of therapeutic interest, its mechanism of action will have already 

been established and a simple process of matching intervention to pathology will ensue. 

Regardless of whether the intervention or pathology has been selected first, a sound review 

of the literature must be made to canvas the current knowledge of the pathology and its 

effects on patient outcomes. This is important to clearly establish a solid understanding of 

baseline values, so changes from interventions can be accurately quantified.    
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Step 1: Application 
 

 

This step has been discussed at length in the first introductory chapter of this thesis. 

In brevity, however, adult survivors of anti-cancer chemotherapeutic intervention during 

their formative years often suffer from considerable long-term sequalae. We hypothesise that 

anti-mitotic interruptions to the paediatric skeletal muscle lifecycle induced by childhood 

chemotherapy underpin the dramatic reductions in QOL (due to CI-SMDW) that these 

patients face after the therapy ceases and the cancer subdued. We also hypothesise that due 

to the single stranded and largely unprotected nature of the mitochondria, inadvertent 

damage to these essential energy-producing organelles during therapy further exacerbates 

the CI-SMDW phenotype. The target pathology and population chosen for this framework is, 

first, paediatric patients diagnosed with cancer who receive(d) chemotherapy as a first line 

response to childhood cancers before the age of 10, which is identified as a child’s greatest 

period of growth. 6 Secondly, due to the life-long nature of CI-SMDW, the age range of our 

target population will extend from childhood (approximately from 2 years of age) through to 

middle adulthood demarcated by the cessation of overall growth and the onset of ageing (i.e. 

a sarcopenic phenotype) which typically occurs after the age of 50. 313-316 
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Step 2: Identify intervention 

 

As interventions generally target a specific pathology, the outcome of Step 1 will guide 

the selection of the intervention in this step. As previously discussed, it may be more 

beneficial to complete this step first prior to completing Step 1, though the interventions used 

within this thesis were developed by following the steps in sequential order.  As an in-depth 

review of the mechanisms which both underpin the pathology’s initiation and progression 

was completed in the previous step, potential therapeutic interventions need to now be 

identified. A search of the literature which aim to canvas potential interventions which target 

the pathways that underpin the pathology (or the symptoms of the pathology if symptom 

treatment is the goal) is now required – with a list of candidate interventions accrued. From 

this short-list, the most viable intervention should be selected, considering factors such as 

availability, cost, available safety and toxicity data etc. Moreover, some broad-spectrum 

factors that should be considered when selecting the intervention are: that clear mechanistic 

targets have been established and that the intervention can reliably and consistently target 

them; that a specific population and/or geographic location that the pathology affects is 

identified and that the intervention will be viable for use within this population; and lastly, 

that the intended research has not been conducted previously (and if it has, that this project 

will improve upon it).  
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Step 2: Application 
 

Most paediatric cancers are treated with systemic chemotherapy interventions, thus, 

to narrow the scope of this study, the gold standard chemotherapy regimens employed 

against the most common paediatric cancers will be selected for investigation.  According to 

the World Health Organisation, leukemia, CNS and NHBL are of the highest prevalence 

cancers in children, with ALL being the most common of the leukemia’s and medulloblastoma, 

the most common CNS cancer. 116-119,317-320 As such, gold standard (the most widely used and 

effective) chemotherapeutic interventions against ALL, medulloblastoma and NHBL were 

selected as the interventions of choice for this thesis.     

 

 

  ALL intervention selection 

 

Due to the systemic nature of ALL, surgical resection and radiotherapy are not viable 

options as there is not specific tumour to target. For this reason, chemotherapy is the only 

viable treatment option, which consists of a large battery of chemotherapeutic agents given 

in conjunction with other co-therapeutics and supportive therapies. Presented by the Berlin 

Frankfurt Munster (BFM) group in 1976, the delayed intensification method involving 

intensifying the postinduction phase of the chemotherapy regimen showed promise in 

improving survivorship in paediatric ALL patients 321. This procedure, involving 5 separate 

phases, induction, consolidation, interim maintenance, delayed intensification and 

maintenance covering 24 weeks of treatment with continuing maintenance for 2 years for 
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girls and 3 years for boys, was later reviewed comprehensively over the following 25 years by 

the Children’s Cancer Group (CCG) 322. The CCG review showed that a single delayed 

intensification (DI) process increased five-year event free survival (EFS) from 61% (without DI) 

to 77% (with DI, p=0.001). The CCG further investigated the efficacy of a double delayed 

intensification process which was shown to improve relative risk ([RR]=1.38) as well as 

improve 6-year survival estimates from 87%±2% to 91%±2%. These rates, at the time of 

review, were found to be the highest survival rates offered by any intervention for this type 

of cancer and risk profile. The intervention is considered the gold standard intervention 

recommended by one of the key opinion leaders in the field 323,324 and thus was selected for 

this study.   

 

ALL chemotherapy agents, timings, and dosages: 

 

The regimen outlined by Children’s Cancer Group (CCG-1891) was selected for this 

study 322. This section will outline the regimen in its entirety as used in human patients (refer 

Figure 2.2 for diagrammatic representation). This regimen will be referred to as ALL-indicated 

6-mercaptopurine (Purinethol), vincristine (Oncovin), methotrexate and prednisone (POMP) 

modified combination therapy, or ALL-POMP for short.  

 

 

Induction phase (Week 1-4) 

Prednisone (40 mg/m2 per day for 28 days); vincristine (1.5 mg/m2 per week × 4); L-

asparaginase (6000 IU/m2 intramuscularly [IM] × 9); and age-adjusted intrathecal 

methotrexate (age 1 through 1.99 years, 8 mg; age 2 through 2.99 years, 10 mg; age at least 
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3 years, 12 mg on days 0 and 14). Patients with CNS disease at diagnosis also received 

intrathecal methotrexate on days 7 and 21.  

 

Consolidation phase (Week 5-8) 

Daily oral 6-mercaptopurine (75 mg/m2 per day); vincristine (1.5 mg/m2 on day 0); and 

age-adjusted intrathecal methotrexate (doses as given above) weekly × 4.  

 

Interim maintenance phase (week 9 to 16) 

Daily oral 6-mercaptopurine (75 mg/m2 per day); weekly oral methotrexate (20 mg/m2 

per week); intravenous vincristine (1.5 mg/m2 on days 0 and 28); oral prednisone (40 mg/m2 

on days 0 through 4 and 28 through 32); and intrathecal methotrexate (age-adjusted doses, 

as above) on day 0.  

 

Delayed Intensification phase (week 16 to 24)   

Intravenous vincristine (1.5 mg/m2 on days 0, 7, and 14); dexamethasone (10 mg/m2 

per day for 21 days with 7-day taper); doxorubicin (25 mg/m2 intravenously bolus on days 0, 

7, and 14); L-asparaginase (6000 IU/m2 IM 3 times a week for 6 doses); cyclophosphamide (1 

g/m2 on day 28); cytosine arabinoside (75 mg/m2 IV or subcutaneously on days 29 through 32 

and 36 through 39); oral 6-thioguanine (60 mg/m2 on days 28 through 41); and age-adjusted 

intrathecal methotrexate (doses as above on days 28 and 35).  
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Maintenance phase (week 24 onwards)  

Intravenous vincristine (1.5 mg/m2 on days 0, 28, and 56); oral prednisone (40 

mg/m2 on days 0 through 4, 28 through 32, and 56 through 60); daily oral 6-mercaptopurine 

(75 mg/m2 per day); weekly oral methotrexate (20 mg/m2 per week); and age-adjusted 

intrathecal methotrexate (doses given as above on day 0 of each course). 322 

  

  

  

 

  

Figure 2.2: Regimen used in CCG report investigating efficacy of delayed intensification and double delayed intensification 
regimens for treatment of intermediate risk paediatric acute lymphoblastic leukaemia (ALL). Abbreviations: VCR, Vincristine; PDN, 
Prednisone; L-ASP, L-Asparaginase; IT, Intrathecal; MTX, Methotrexate; 6-MP, 6-Mercaptopurine; DEX, Dexamethasone; DOX, 
Doxorubicin; CPM, Cyclophosphamide; 6-TG, 6-Thioguanine; ARA-C, Cytosine-Arabinoside; *, maintenance cycles continued for 2 
years for girls and 3 years for boys on all regimens; **, pulses of VCR and PDN given in 4 week intervals; #, pulses given in 3 week 
intervals. Image source: Lange et al. 316  
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Medulloblastoma intervention selection 

 

Medulloblastoma is the most prevalent form of malignant brain tumour in children 

and is treated with targeted radiotherapy (doses generally ranging from 54-56 Gy) with or 

without chemotherapy 325-329. However, investigations into the longer-term effects of high-

level cranial radiation revealed a high incidence of intellectual dysfunction from radiation 

treatment 326-329. More recent studies introducing chemotherapy as a front-line defence 

against medulloblastoma have shown a significant increase in EFS, particularly against 

metastatic variations of the cancer 330,331. With survival rates continuing to improve, long-

term sequalae are of considerable concern  as they greatly affect the patient’s long-term 

quality of life 330. Although separate sequalae exist for radio- and chemo-therapy, 

chemotherapy regimens offer a greater opportunity for therapeutic manipulation due to their 

non-specific mode of pharmacological administration and their more physical interactions 

within the body.  

Although multiple ideations exist of which drug combination is the most effective; the 

Children’s Cancer Group (CCG) has consistently used a combination of the staple cranio-

chemotherapeutic lomustine (which can cross the blood-brain barrier due to its lipid soluble 

nature), together with vincristine and either a platinum based chemotherapeutic (carboplatin 

or cisplatin) or corticosteroid compound (pregnenolone, prednisolone, prednisone etc.) 

124,331-334. Using these chemotherapy regimens prior to radiation (or in combination with 

reduced levels of radiotherapy in some instances 25-27) resulted in an unmatched 

improvement in progression-free survival (PFS). Other studies also presented similar, 

although slightly reduced survival and EFS/PFS rates, when replacing the platinum based 

chemotherapeutic with prednisone. The regimen used in CCG-9892 (which does not include 
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this replacement) was thus selected as it, at the time of this thesis, is associated with 

improved survival (>80% with cis/carboplatin vs <80% with prednisone) and EFS/PFS rates in 

the target population 318,331,332,335,336.  

 

 

 

MB chemotherapy agents, timings, and dosages:  

 

The regimen outlined by Children’s Cancer Group (CCG-9382); 124,331-334 was selected 

for this study. This section will outline the regimen in its entirety as used in human patients. 

This regimen will be referred to as medulloblastoma-indicated lomustine, cisplatin and 

vincristine combination therapy, or MB-LCV for short.  

 

Induction Phase (week 1-8) 

Radiotherapy + intravenous vincristine (1.5mg/m2 at ≤2mg weekly from day 1) for 8 

weeks.  

 

  Consolidation/Maintenance Phase (week 14-62) 

Oral lomustine (75mg/m2 once per 6 weeks), intravenous cisplatin (75mg/m2 once per 

6 weeks) and intravenous vincristine (1.5mg/m2 at ≤2mg once per week, 3 weeks on 3 weeks 

off for duration of phase) 
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NHBL intervention selection  

 

Historically, survival rates for chemotherapy and/or radiotherapy treated NHBL were 

as low as 10%  in 1975 337. Since then, NHBL has progressed to become considered one of the 

most curable malignancies in children, with survival rates surpassing 90% in both older 

(FAB/LMB 96, 2008) 338 and more recent (FAB/LMB 96, 2019) 339 studies. The French 

American-British Lymphome Malins de Burkitt (FAB LMB) 96 study 338,339 was an international 

collaboration between the Française d’Oncologie Pédiatrique (SFOP), the CCG, and the United 

Kingdom Childhood Cancer Study Group (UKCCSG) and has been credited with developing the 

widely accepted, gold standard CHOP therapy. Moreover, the FAB/LMB 96 associated CHOP 

therapy (with and without rituximab) is attributed with the impressive success against 

childhood NHBL 340-350 which has also seen success in adults 351.    

Although praised for its success in resource-rich nations, the success of the therapy 

largely relies on an intensive and high-dose strategy which is inextricably reliant on equally 

intensive support-therapy regimen. This is highlighted by the large discrepancy in the 

regimens success in low-income nations, such as the sub-Saharan region where overall 

survival for lymphoma which was treated with low to medium intensity CHOP varied from 30-

50% (2005-2016) 352-357. This discrepancy highlights the severe toxicity induced by the regimen 

which can be largely overcome with adequate supportive care. Together with the severe long-

term and highly characteristic sequalae of anthracycline therapy (discussed in Chapter 1; 

S1.2.2, S1.3.4), these shortcomings, together with its heavy reliance on supportive therapies, 

highlight areas which even the slightest improvement could have profound benefits to patient 

outcomes. With this in mind, and that the FAB/LMB 96 CHOP regimen 338 is widely considered 
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the gold standard therapy against childhood NHBL, the CHOP regimen was a natural choice 

for this study.   

 

 

NHBL chemotherapy agents, timings, and dosages:  

 

The regimen outlined by FAB/LMB 96 CHOP regimen 338 was selected for this study. 

This section will outline the regimen in its entirety as used in human patients. This regimen 

will be referred to as NHBL-indicated cyclophosphamide, doxorubicin (Hydroxydaunorubicin), 

vincristine (oncovin) and prednisone combination therapy, or BL-CHOP for short. 

 

 

  Regimen 1 & 2 given 21 days apart  

 

Cyclophosphamide (250mg/m2) given per IV twice daily for days 1-3 (for a total dose 

of 500mg/m2 per day), doxorubicin (hydroxydaunorubicin, 60mg/m2) given per IV on day 1, 

vincristine (oncovin, 2mg/m2) given per IV on days 1 and 6 and prednisone (30mg/m2) given 

orally twice daily on days 1-6 (for a total of 60mg/m2 per day). The course is repeated 21 days 

after commencement.  
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Step 3: Identify experimental domain 

 

Having now identified the pathology, population and intervention, it is now 

appropriate to categorise the project to appropriately guide its design. As the primary 

purpose of establishing an animal model is to investigate an intervention - initially 

independent of the pathology that the intervention is designed to combat, to ensure its safety 

and efficacy - the category the study is defined in plays an important role in its development. 

Biomedical therapeutic and intervention research is generally categorised into one of three 

domains: 1) fundamental discovery 2) feasibility testing and 3) clinical modelling and efficacy 

prediction 358, with the experimental design of the study being greatly moulded by the domain 

selected. 

 

  

Fundamental discovery 

Testing a novel intervention, which has not been previously investigated against a 

human pathology, in an animal model would qualify the study for the fundamental discovery 

architype. In general, the fundamental discovery aims to establish a novel protocol for a novel 

intervention against a known pathology of interest. This is done either by instigating a holistic 

physiological response by using a systemic intervention to resolve the pathology; occasioning 

an effect using an intervention which either actively or passively targets a specific target. 

These targets, e.g. a gene, protein or cell type, may be targeted to elicit a favourable pathway 

response in the organism, or, by physically altering the organism to either remove, add or 
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adapt physical structures to overcome the pathology 359. It should be considered here that 

multiple methods are available to alter an organism including genetic modification (genetic 

knock-down, over-expression etc.), surgical and pharmacologic to name a few. This 

methodology and thesis will concentrate on those which are currently available for use in 

human patients to maintain as much clinical relevancy within the animal model as possible. 

As such, detailed consideration of genetic modifications, such as knock-down models, are 

outside the scope of this thesis.  

 

 Feasibility testing 

Testing an intervention which has been previously established, either against a 

pathology that is has not been established for or employed in a different manner than 

originally designed, would qualify the study for a feasibility testing architype. Feasibility 

testing aims to test an established intervention against a pathology where it is not considered 

the gold standard treatment. The purpose here is to either modify the intervention from its 

original design to target a different pathology, or, improve its original design to enhance its 

efficacy to (re)establish its use as the standard of care.   

 

 Clinical modelling or efficacy prediction  

Testing an intervention which has been previously established in a human model 

against a pathology it was originally designed for, but in a species other than humans, would 

qualify the study for the clinical modelling or efficacy prediction domain. For clinical 

modelling; the intervention must be the standard of care currently being used clinically to 
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ensure the projects outcomes are relevant and translatable. If this is not the case, the study 

should be designed as a feasibility study. The clinical modelling architype aims to develop an 

animal model to investigate a gold standard intervention, currently used in humans, to define 

the mechanisms of action which underpins its therapeutic efficacy, its side effect profile, or 

both. For the efficacy prediction architype, the intervention used must be a modified version 

of the gold standard intervention used clinically, with the aim of improving efficacy, 

tolerability, and/or survivability. The testing of the gold standard intervention in combination 

with a co-intervention or -therapeutic will also be categorised as an efficacy prediction 

architype as the addition of a variable is seen as a modification to the gold standard 

intervention. However, it is recommended that an appropriate animal model be established 

using one of the prior domains, or the clinical modelling architype, prior to commencement. 

This is to ensure that the feasibility of the co-therapeutic is ascertained and the gold standard 

intervention has been clinically modelled to ensure its clinical similarity.     

 

Step 3: Application 
 

The chemotherapy regimens identified for use in these investigations are commonly 

referred to as the gold standard to treatment against the pathologies they are indicated to 

treat. Thus, the experimental domains of these models primarily within the clinical modelling 

architype.   However, in later steps (i.e. Step 10) the models which have achieved acceptable 

levels of clinical similarity will be adapted through the addition of a co-therapeutic in an 

attempt to improve clinical outcomes. Thus, the later steps will then fall into the efficacy 

prediction architype.     
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Step 4: Define variables of interest 

 

Although the side effect profile will largely drive this step, it is still important to outline 

the expected therapeutic effects of the intervention as well, as these will be used to 

authenticate the animal equivalent doses of the intervention in later steps. In most cases, the 

variables of interest will be those that show benefit to the patient as these will measure the 

efficacy of the intervention. It is still prudent, though, to measure negative variables as a 

therapeutic may not be beneficial when these are considered. For example, a therapeutic that 

improves a specific condition but induces another worse-off pathology would not be 

worthwhile pursuing. Even still, an induction of any pathology may not be viable though it 

could be argued that, for instance, a therapy that improves survival by a significant amount 

but induces mild type II diabetes may still be worthwhile. Nevertheless, this is a screening 

exercise of sorts, and a wide net should be cast to catch unforeseen contraindications. For 

example, simple variables such as changes in body weight, food and water intake, wet organ 

weights, and blood profiles are relatively simple to measure but in combination offer a 

considerable insight into the health of the animal.       

Considering the purpose of this framework and resulting model, it is important to 

consider how well the model replicates the pathology seen in humans. Out of the defined 

variables, at least one variable should have been previously used and defined in a human 

model of the pathology that the intervention targets for a clear direct comparison between 

species; i.e. overall survival or event free survival in cancer studies, bone mineral density 

(BMD) in osteoporosis studies, creatinine kinase levels in Duchenne’s muscular dystrophy etc. 

with these variables being measured in both the control, pathology only and pathology + 
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intervention groups. This is an important aspect of the variable design to allow for direct 

comparisons between the species (generally the pathology only group vs. the disease in a 

human model) and thus the relevancy of the animal equivalent intervention model. For 

example, a model studying the efficacy of Vitamin D therapy to ameliorate BMD loss in an 

older osteoporotic human population would first need to ensure that Vitamin D does not 

reduce BMD in a healthy animal model and does not induce a more severe pathology than 

what it is aimed to treat. Further, when the pathology is added to the model as a variable, it 

is essential that the osteoporotic phenotype in the animal corresponds to the osteoporotic 

phenotype in humans for the pathology model to be viable. It is for these reasons that 

variables that measure the pathology’s phenotypes should be included, together with the 

variables that measure the efficacy, or lack-thereof, of the intervention.   

    

 

 

Step 4: Application 
 

With Chapter 1 discussing the CI-SMDW pathology in depth, this step will succinctly 

outline the proposed variables of interest, why they are of interest and the methods by which 

they will be measured. First and foremost, the basis of this framework is to develop animal 

models which mimic clinical outcomes as closely as possible. Therefore, animal weight 

changes and food intake monitoring are of primary importance as these are common and 

important predictors of overall patient health in the clinic. However, recent reviews of cancer 

patient management suggest that the monitoring of weight-loss alone does not offer 

significant prognostic value as significant weight-loss is more indicative of late stage cachexia, 
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rather than an indication that the sequalae is beginning 360. Thus, more importance is placed 

on overall body composition and function rather than pure caloric intake vs output (and thus 

weight maintenance) 33,361. Although these variables are often used to measure the cachectic 

phenotype, they are important measures of treatment toxicity, and thus the CI-SMDW 

sequalae, as well. Lean muscle mass and strength are two of the most important predictors 

of chemotherapy toxicity 148,362-366. Moreover, due to the systemic and infiltrative nature of 

chemotherapy, measures of systemic inflammation and its effect on highly mitotic cells (such 

as blood cell lineages) are routinely utilised as measures of toxicity 367-372, particularly in blood 

cancers like ALL 373-376.  

With these clinically used protocols in mind, the intricacies of animal model 

investigations need to be considered to choose and develop methods to measure these 

variables. Bodyweight changes and food intake monitoring are simple measures to perform, 

however, body composition scans are far more tedious. Computed tomography, for example, 

is completed with relative ease in human patients as replicate scans and values are not 

required for clinical diagnoses. Body composition analysis in mice requires highly specialised 

machinery, such as the SkyScan 1276 micro-CT, and often takes in excess of 45min per whole 

animal to scan, which is unable to be automated. In a study such as this one which will likely 

see the use of over 100 mice, this quickly renders whole mouse body analysis via micro-CT 

scanning laborious and costly. Although likely feasible in a larger, more well-funded study 

(both with financial and human resources), this option was outside the finite resource 

capacity of this thesis. However, the SkyScan 1272 micro-CT scanner allows for 16 smaller 

samples (such as a whole limb) to be automatically scanned in approximately 4 hours. 

Although whole body analysis would offer more information, automated CT analysis of mouse 
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hind limbs alone would allow sufficient analysis of body composition in a timely and financially 

affordable manner 377,378.  

As mentioned previously, however, body composition and mass is only one portion of 

CI-SMDW sequalae. Skeletal muscle function, or lack thereof, significantly impacts patient 

quality of life and survival and is a positive predictor of treatment toxicity 18,34,151,379-381. Grip 

strength is often used in clinical trials to assess muscle strength and is a diagnostic tool used 

in many muscle wasting diseases, such as sarcopenia 313,382,383, Duchenne’s Muscular 

Dystrophy 384-386 and of course cachexia 387,388. Therefore, to measure the clinical progression 

of the CI-SMDW phenotype, daily body weight and food intake will be measured, together 

with time point specific full blood examinations and measures of body composition (via hind-

limb micro-CT analysis) and grip strength.  

To further understand the muscle dysfunction component of the CI-SMDW 

phenotype, it is important to investigate which components of function (fatigue, strength, 

endurance, recovery capacity etc.) are affected. Fortunately, our lab has extensive experience 

in contractile function testing in isolated mouse muscle 389-393.  As discussed in Chapter 1; S1.4, 

the mitochondria play an important role in the regulation of muscle mass and functional 

capacity. Their involvement in the CI-SMDW underpins the basis of our investigations and 

present a novel and potentially viable therapeutic target to combat the CI-SMDW pathology. 

To further characterise the underlying pathology of CI-SMDW and whether the mitochondria 

are implicated, investigations of mitochondrial function using the Seahorse XF24 flux analyser 

will be also be completed.     

Analysis of these variables will serve to characterise the presence and progression of 

the CI-SMDW phenotype via methods that’s are in-line with current clinical practice, thus 
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ensuring data is more closely comparable to the human cohort of CI-SMDW sufferers. By 

further investigating muscle and mitochondrial function ex vivo, we hope to further 

characterise the CI-SMDW phenotype and identify potential co-therapeutic targets to 

improve clinical outcomes associated with the ALL-, medulloblastoma- and NHBL-indicated 

chemotherapy regimens.    

        

 

Step 5: Define animal model  

 

The pathology that the nominated intervention is used against will mostly drive the 

selection of the animal model which should be used. Particular focus on the variables of 

interest are needed as different animal models express different phenotypes which can be 

used for the researchers benefit (more in Step 11). The resultant model will, in general, be 

either of the induced, spontaneous, transgenic, negative, or orphan disease categories, 

depending on the pathology of interest (for further breakdown of categories see Rand 394) 

and be categorised in one of four categories which define the required level of similarity 

between the animal and human models, these are: 1) Fidelity. A scale measure of physical 

and biological similarity between model and human. 2) Homologous. Symptoms observed in 

the animal model are identical, both genetic and physiological, to those observed in humans. 

3) Isomorphic. Symptoms and or anatomy are like those in humans although aetiology or 

genetic character are different. 4) Partial. The animal model does not mimic the human model 

exactly, either physiological or phenotypical, but there exists enough similarity between the 

two to study some aspects of the intervention or disease 395,396. For example, a model aiming 
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to investigate the effects of a female contraceptive pill which alters progesterone production 

will require a high fidelity, homologous model, if investigating the systemic and contraceptive 

effects of the intervention. In contrast, a model investigating a surgical knee replacement may 

only require an isomorphic or partial model.  Levels of similarity should be chosen based on 

clinical relevancy requirement before selecting an animal species and genus. There is a 

plethora of informative databases (such as the International Mouse Strain Resource 397,398 and 

the Mouse Genome Database 399), publications 400-410, and guidelines and frameworks 411-414 

outlining appropriate animal models for particular pathologies, which should be used to guide 

the selection of the animal model for this step. Although outside the scope of this thesis and 

framework to outline all the considerations that are needed for appropriate selection, the 

model should primarily aim to minimise confounding experimental variables whilst 

maximising experimental replicability and clinical human similarity. As different species have 

been shown to be more analogous with humans (dependent on the variable measured), 

careful consideration should be taken regarding this component. The use of transgenic or 

genetically modified (GM) animals can be used as an isomorphic model as both improve 

pathological and physiological similarity between human and animal 415-417. Consequently 

though, transgenic and GM models also introduce unnatural genetic shifts which can have 

considerable unmeasurable and unknown effects to the model 416,418 and should only be used 

in proof of concept models.  

These models can, however, provide excellent additive value if used in conjunction with 

other animal models from other species. In considering studies that target specific 

physiological mechanisms, one can only speculate on the transferability of the interventions 

success in one species compared to its success in another. Evolutionary biologists have 

combated this in their field by studying the effect of one mechanisms in multiple distant 
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species, for example Tatar et al 419 investigated the cell-signalling pathways and genetic 

regulation of insulin-like peptides and their effect on ageing in three highly distinct species; 

namely house mice, round worms and fruit flies. By doing so, the group showed that 

manipulations of endocrine function can slow ageing without altering reproductive capacity. 

By replicating their study across three separate phyla, the group can conclude that the 

investigated mechanisms are highly conserved between evolutionary groups and thus can 

more confidently infer that humans share the same physiological characteristics. If we utilise 

this approach here, models which aim to investigate novel pathways and mechanisms could 

be greatly improved in their robustness by exploring these variables in separate, 

evolutionarily distant species. Conversely, where available, the use of species that are highly 

similar to humans (like our relatives the chimpanzee) can by-pass the requirement for 

multiple animal studies. Of course, this is not always possible due to various limitations (time, 

finance, resources etc.) in which case the best available must suffice.                 

The selection of the animal model(s) that are used, forms in many but not all ways, the 

study’s capacity for transferability. Simply choosing a model that is traditionally used within 

a laboratory or collaborative group, or one that is commonly used in a field of research, may 

not always result in the most robust scientific design being created. If planning on sticking to 

the status quo, following the directives in this step to test the veracity of that decision is 

recommended. Furthermore, if designing the animal model with a pre-clinical aim and the 

goal is to establish an intervention for human use or progression into human clinical trials, 

following approved country specific guidelines for the development for such drugs should be 

followed. For example, the U.S Food and Drug Administration outlines these requirements for 

the transferability of pre-clinical animal models to human use 420:  
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1. There is a reasonably well-understood pathophysiological mechanism of the toxicity 

of the substance and its prevention or substantial reduction by the product;   

2. The effect is demonstrated in more than one animal species expected to react with a 

response predictive for humans, unless the effect is demonstrated in a single animal 

species that represents a sufficiently well-characterized animal model for predicting 

the response in humans; 

3.  The animal study endpoint is clearly related to the desired benefit in humans, 

generally the enhancement of survival or prevention of major morbidity;  

4. The data or information on the kinetics and pharmacodynamics of the product or 

other relevant data or information, in animals and humans, allows selection of an 

effective dose in humans.        

  

 

 

Step 5: Application 
 

For obvious reasons, the species which are of the highest fidelity are of the primate 

genus, which are almost perfectly homologous to humans. However, considering the ethical 

implications concerning the use of primates in research, the housing and resource 

requirements that they require (and that we have access to), and the large number of animals 

required in pre-clinical studies, mice will be used for this study. As this is a pre-clinical 

investigation and ultimately a proof of concept study, large animal numbers are required to 

satisfy statistical power requirements. As there are no previous studies to base the expected 
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effect size on, a power analysis to determine the appropriate sample size cannot be reliably 

completed. Although we hypothesis a negative impact on the animals used, the effects of 

drugs can vary greatly from patient to patient and we expect this to translate to the animal 

model as well. Other studies in the chemotherapy toxicity area 1,159,160,272,421,422 have used 

group numbers between 10-12 for lean weight measurements, 10-11 for lean muscle mass 

measurement with echoMRI 423, 15-21 in a survival based cancer xenograft model 424, 12-20 

in cancer genetic investigations 425 and 6-20 426-428 for CT analysis of cachexia. Importantly, 

though, these studies have not included an 8-week regimen of cytotoxic drugs. Due to the 

nature of chemotherapy, and considering over 70% of childhood cancer survivors develop a 

severe secondary chronic illness over their lifespan7,13,16,18,93,150, it is reasonable to suggest a 

larger group of animals is necessary (15-20). For this reason, that this is a pre-clinical proof-

of-concept study, our previous experience with mice, as mice are frequently used in cancer, 

cachexia and muscle disorder research, and due to the capacity of our animal facility, we have 

selected mice as our species of investigation.     

 

 

 

Step 6: Identify species differences 

 

In the prior step, similarities between the selected animal model and humans were 

reviewed. Conversely, clinically relevant differences that exist between the two models 

should also be identified. Differences which are not identified and acknowledged may 

occasion an unknown shift of results, causing a skew in the perception of the intervention’s 
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success (or lack thereof) within the animal model. Moreover, without acknowledging and 

accounting for these differences, efficacy in the animal model may be unknowingly inflated 

or truncated due to nuances within that animal. This could ultimately compromise the study 

and result in a mistakenly ‘successful’ intervention transitioned to clinical trials where they 

shouldn’t be, or mistakenly ‘unsuccessful’ interventions abandoned. As such, these 

differences comprise limitations within the study and are important aspects to acknowledge 

prior to moving forward. For example, variables which may impact intervention tolerability, 

toxicity and mortality – such as pharmacokinetics, body surface area, anatomical differences 

in organ or musculoskeletal mass, behaviour or animal social requirements which may be 

impacted upon when experimentally housed, inflammatory responses to implants etc. – 

should be considered and accounted for. Differences in known spontaneous development of 

pathologies should also be noted if they are significantly different to their human 

counterparts. For example, the OF-1 out bred strain of mouse exhibits a 35% frequency of 

occurrence for osteoma’s, which is significantly higher than the average 1% seen in most 

other mouse strains 429 and less than 0.1% in humans 430. A study that failed to recognise this 

nuance of the OF-1 strain may falsely abandon their study due to concerns that the 

intervention may be cancerogenic. Notwithstanding the above, it does come to a point where 

this process becomes a process of diminishing returns, where to identify all limitations of a 

model could easily eventuate into a complete study on its own. The amount of resources 

spent here is directly proportional to the level of homologous-ness required and the use of 

multiple animal models may be required (as outlined in the previous step).    
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Step 6: Application 
 

As human CI-SMDW is endured over the lifespan, investigations into the mechanisms 

that underscore them must be completed in a model that can replicate the complex nature 

of ageing and metabolism. Furthermore, chemotherapy is only administered to humans after 

cancer has been diagnosed. As cancer elicits compounding variables which exacerbates 

skeletal muscle wasting, such as cancer cachexia, this has the potential to mask the underlying 

pathology of CI-SMDW. As we are investigating skeletal muscle dysfunction and wasting 

induced by paediatric chemotherapeutic administration, healthy, cancer-free paediatric mice 

will be used. The balb/c strain of mice have been chosen for use within these studies for two 

major reasons, the first being that balb/c mice are commonly used (including by us) in pre-

clinical models of cancer. Secondly, balb/c mice are easily available to us in their natural 

(albeit inbred), severe combined immunodeficiency (SCID) and in a genetically modified state 

(for the induction of medulloblastoma), allowing for the same strain of mouse to be used in 

different in modes of investigation (refer to Step 11 for more details). Notably, however, this 

strain of mice are reported as having a low mammary tumour incidence but do develop other 

types of cancers in later life, most commonly reticular neoplasms, lung tumours, and renal 

tumours as compared to other strains – a likely result of inbreeding. As we are using mice 

throughout the lifespan, a larger number of mice will be used to combat this. Further, a 

control group will also be used to ensure that any progression of the CI-SMDW phenotype, 

can be identified as being due to the treatment received and not due to secondary and 

naturally occurring pathologies such as cancer.  
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Step 7: Intervention adaption 

 

Treatment methods for interventions are required to be altered between patients to 

accommodate for physiological differences, such as weight, body surface area, lean mass and 

age. These same changes must be implemented to accommodate for the differences between 

human and the animal model selected. With the differences outlined in Step 6, the 

intervention must now be modified to accommodate for these to maintain clinical relevancy. 

Although not an exhaustive list, outlined here are four categories which aim to account for 

common misalignments between species and, if required, to modify the chosen intervention 

from its human dose to the animal equivalent dose and to consider clinically relevant 

supportive therapies.  

 

 

 7a: Time and age discrepancies between species  

  

Adapting an intervention which uses a short-term, quantifiable end (such as a singular 

dose/application or two weeks of dietary modification), may not require any adaptions to 

time points due to the acute nature of the intervention. On the other hand, due to lifespan 

differences between species, conducting a full-length intervention where a long-term time 

frame defines the end point (such as 12 weeks of daily intervention or monthly follow up 

testing), may not be possible. Prime examples of this are chemotherapeutic regimens that 

span from months to years to achieve remission of cancer, which in humans is achievable, but 
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when investigated in small rodents for instance - whose lifespan may only be two years - the 

full study may not fit within its natural life. To overcome this discrepancy, considerations into 

metabolic rates can be made. For example, the mouse has a metabolic rate some 7 times 

higher than humans 431,432, thus experimental time frames in mouse studies may need to be 

shorter in comparison to human studies to achieve the same clinical effects.  In some cases, 

like dietary modifications, hormonal changes or immune suppression where a specific level 

of change is required (i.e. 10% reduction in fat mass, 5% increase in circulating lymphocytes) 

this may not be the case, although these goals may be reached faster in animals with a higher 

metabolic rate.  

      

 

 7b: Intervention amount  

 

Having previously identified the experimental domain and the intervention of interest, 

it is likely that the intervention amounts have also inadvertently been ascertained. It is, 

however, uncommon that a human dose will also be used as the animal equivalent dose, 

except in circumstances where the intervention is physical in nature (i.e. isomorphic 

biomechanical implants) in which case this step is unnecessary. In cases where 

pharmacokinetics, physiological processes and metabolism are involved (such as pharmaco-

interventions or dietary modifications) this step is essential to maintaining clinical relevancy, 

as important modifications to the human dose need to be made. From here on and 

throughout this thesis, the human dose and/or ‘dose’ refers to the dose, amount, application 



80 
 

or level of intervention decided upon in Step 3. Further reading on drug dose comparisons 

can be done so here (Goldsmith et al 433) 

 

A human dose should be adapted to an animal equivalent dose with the following criteria: 

1) Directly converted from the clinically relevant human dose to the appropriate 

animal equivalent dose for the selected species; taking into consideration and 

proportionally modifying for, at the very least, metabolic rate and body surface area 

differences using modified FDA guidelines434 (see Table 2.1). These guidelines take 

into consideration differences in metabolic rate, size and body distribution for 

pharmacological interventions.   

 

Table 2.1: FDA guidelines to modify human dose (HD) to animal equivalent dose  

Species Reference 
body 

weight (kg) 

Working 
weight 

range (kg) 

Body 
Surface 

area 
(m2) 

To convert dose in 
mg/m2 to dose in 
mg/kg to divide 

by Km 

To convert HD dose in mg/kg 
to animal dose in mg/kg, 

either: 
Multiply human 
dose by 

 Divide 
human 
dose by 

Human 60 - 1.62 37 -  - 
Child 40 - 1.09 25 -  - 

Mouse 0.02 0.011-
0.034 

0.007 3 12.3  0.081 

Hamster 0.08 0.047-
0.157 

0.016 5 7.4  0.135 

Rat 0.15 0.08-0.27 0.025 6 6.2  0.162 
Rabbit 1.8 0.90-3.0 0.15 12 3.1  0.324 

Dog 10 5-17 0.50 20 1.8  0.541 
Rhesus 
Monkey 

3 1.4-4.9 0.25 12 3.1  0.324 

*Data adapted and modified from 2005 FDA guidelines434  
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2) Ensure the new animal equivalent dose does not exceed previously published 

animal tolerability or toxicity data. If it does, the dose should be lowered to published 

tolerable doses if these were exceeded to abate animal welfare concerns.  

 

2a)  Where only single dose tolerability data is found, and multiple doses or 

applications of the intervention are required, the maximum tolerable 

published single dose should be used as the maximum cumulative 

dose. This assumption is limited in its ability to predict cumulative 

effects (or lack thereof) and opportunities will be available to refine 

these doses later based on the side effect profile observed (see Step 8: 

Dose finding pilot).     

 

2b) Where only tolerability data for cumulative doses are found, and a 

single dose is required, the pharmacokinetic and bioavailability data 

from cumulative dose toxicology studies need to be considered, and 

the dose appropriately modified to ensure undesired levels of toxicity 

(and more importantly; lethality) are avoided. In the case where these 

data are not available or appropriate for the intervention selected, 

single dose data should be used, and dose levels refined (see Step 8: 

Dose finding pilot).  
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 7c: Toxicity and side effect profile 

Aside from effectivity, toxicity is the major limiting factor for the success of an 

intervention. To ensure that the intervention tested throughout this study is safe for use, it is 

equally important to measure both its efficacy and toxicity. Thus, this step aims to obtain 

biochemical, physiological and morphological information indicative of toxicity that is 

reproducible, reliable, and dose-related and which can be interpreted and extended to assess 

the risks in humans. Measures of toxicity will of course change between interventions and 

should be adapted to meet the requirements of each intervention. Monitoring of body mass 

and food consumption should always be included due to their ease of measure and their 

powerful predicative nature.    

 

 

7d: Supportive therapies 

Many interventions against human pathologies are generally multifaceted in nature 

with multiple supportive therapies revolving around a central intervention. These supportive 

therapies are often used clinically to support survival and treatment tolerability (such as 

antibiotics for infection concerns, forced entero-feeding or I.V lines for supportive therapy of 

fluids or treatments). A classic example is the systemic treatment of cancer. A patient could 

receive multiple regimens of chemotherapy and radiotherapy, combined with surgical 

intervention to reduce the size of and remove their cancer. Moreover, patients receive a 

multitude of supportive therapies including intravenous fluid drips, nutritional 

supplementation, exercise interventions, immune and blood cell transfusions, bone marrow 

transplants, pain management, depression therapy, counselling and so on. Within this step it 
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is important to define all supportive therapies relevant to the intervention being trialled (if 

used previously – if not, hypothetical considerations are to be made) and consider their 

purpose and their effects on the patient and the intervention at hand. In doing so, a decision 

can be made to include the supportive therapy(ies) that are deemed essential to the success 

of the intervention and disregard those that aren’t.  

Considerations of feasibility to add supportive therapies should be made as some will 

either be impossible or extremely resource intensive to include, and thus may not be viable 

options. For example, a neutrophil blood infusion for those undergoing systemic 

methotrexate chemotherapy may be crucial in humans but, for mice in an experimental 

sterile environment, the increase in clinical similarity may not be worth the resources used to 

marginally improve clinical similarity. This largely becomes an exercise of executing a 

cost/benefit analysis which will be unique to each laboratory and dependent on financial, 

equipment and human resources.   

 

 

Step 7: Application 
 

 

  Step 7a application: Time and age discrepancies between species 

Each of the regimens stated in Step 2 of this chapter span considerably different 

timeframes. For example, the ALL-POMP regimen involves an initial 24-week chemotherapy 

assault, before a two- to three-year maintenance period is commenced, the MB-LCV regimen 

for at least 62 weeks, and the BL-CHOP regimen for at least 42 days.  As stated in the 
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framework, the natural lifespan of a balb/C mouse is approximately two-years, meaning that 

the ratio of treatment to lifespan is some anywhere from 1:4 to 1:1. When compared to 

humans, even the longest treatment regimens, such as ALL-POMP, would only achieve a 1:20 

ratio. If indeed metabolic rates were accounted for and the length of these regimens shorted 

by 7x, this would provide a clinically relevant modification for the treatment time course. 

However, this would not consider the mouse’s xenobiotic clearance capacity which may 

greatly elevate chemotherapeutic toxicity and thus reduce the clinical relevancy of the study. 

Considering the pathology that these interventions are designed to combat are usually 

administered in the first 15 years of life 55,435, another modification option is to match the 

developmental milestones between mouse and children (specifically sex characteristic 

development and sexual maturity). Of course, both options have their merit, and 

implementing both would be ideal. However, without preliminary drug clearance 

investigations (of which are out of the scope of this thesis), the ramifications of shortening 

regimen timeframes present too much uncertainty. Due to this uncertainty, regimens will be 

administered using the same timing as in humans with the starting age adapted to ensure 

similarity exists between the mice used here, and the children who receive these regimens.436  
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Figure 2.3: Representative age ranges for life phase equivalents between rodent 
and human beings. Image source: Life as a biomarker, The Jackson Laboratory, 
USA 421.   
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Mice mature at a rate 150 times faster than humans in the first month of life and, as 

such, reach the sexual maturity of a 12 year human by 1 month of age 437. This suggests that 

the optimal time to commence treatment for these regimens would be 2-3 weeks of age as 

the greatest incidence rate of all three cancers are below the age of 5 years 55,435 (refer Figure 

2.3). However, due to welfare considerations for the mice, mice under the age of 3 weeks 

must be transported with their mother as the pups are still dependent on maternal feeding. 

Due to ethical (as we,  nor our collaborators, had any scientific use for older female mice) 

financial reasons (due to a 1:4 mum:pup shipping ratio requirement), and due to the technical 

difficulty in handling and treating 2-3 weeks old mouse pups, it was decided that 24 days of 

age was an appropriate time point to commence treatment which would still maintain as 

much clinical similarity as possible. This allowed for the mice to be delivered at 21 days (3 

weeks) with 3 days acclimatisation, before treatment commenced. Moreover, due to the 

short lifespan of the mouse and the limitations of resources, alterations made to each of the 

regimens will be are as follows:   

 

 

ALL-POMP 

 

As the full regimen spans 3-4 years, only the first 8 weeks of the regimen will be used. 

As such, only the induction phase (using vincristine, prednisone, L-asparaginase and 

methotrexate) and the consolidation phase (using vincristine, 6-mercaptopurine and 

methotrexate) will be administered. Importantly, in this regimen, methotrexate in humans is 

delivered intrathecally. Due to the high degree of difficulty of this technique, methotrexate 
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will be delivered via intraperitoneal injection instead.  The regimen used is outlined in Figure 

2.4.    

 

 

 

MB-LCV  

  

Following a similar modification method as ALL-POMP, only 8 weeks of the MB-LCV 

regimen will be used. As the induction phase centralises around cranial radiation and 

vincristine use for 8 weeks, it was decided that the chemotherapy-centric consolidation phase 

would be used instead. This phase utilises repeating cycles of lomustine, cisplatin and 

vincristine.  The regimen used is outlined in Figure 2.5.  

 

Figure 2.4: Proposed modification of ALL-POMP treatment timeline. Days shown are days of life of the mouse, thus 
treatment will begin on day 24 of life. Treatment will cover 8 weeks.  
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BL-CHOP  

In line with modifications made to the previous regimens, the FAB/LMB 96 CHOP 

regimen was altered to a 4-week cycle. No other alterations were made aside from changes 

to dose (outlined in the next step). The regimen used is outlined in Figure 2.6.  

 

  

Figure 2.5: Proposed modification of MB-LCV treatment timeline. Days shown are days of life of the mouse, thus 
treatment will begin on day 24 of life. Treatment will cover 8 weeks. 

Figure 2.6: Proposed modification of BL-CHOP treatment timeline. Days shown are days of life of the mouse, thus 
treatment will begin on day 24 of life. Treatment will cover 8 weeks. 
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Step 7b application: Intervention amount  

 

The dosages that will be used have been selected from the gold-standard regimens 

selected in Step 2. These human dosages have been converted to an animal equivalent dose 

based on the guidelines in Step 7b.1. Where these dosages were above the published 

tolerable doses for mice, they were reduced to lowest therapeutically viable dose previously 

reported in the literature, as per Step 7b.2a. Where tolerable doses are of a single, once off 

treatment, and in the case where treatment in this project requires multiple treatments on 

successive days, the previous publications showing tolerable cumulative doses of individual 

chemotherapies (i.e. cumulative maximal tolerable dose = 45mg/kg over 7 days, thus 

15mg/kg administered on D1,3,5) will be used (refer Table 2.2). It should be noted that these 

regimens are expected to induce acute toxic side-effects and have an acute impact on the 

welfare of the animals, however, these effects are required to ensure the pathology of CI-

SMDW is initiated. To ensure that the appropriate doses have been selected, the following 

step in this framework will establish a dose finding pilot study to ensure maximum clinical 

relevancy whilst mediating as much toxicity as possible.  

 

 

 

  



90 
 

 

 

Table 2.2 IAMDF-modified ALL-POMP, MB-LCV and BL-CHOP regimen drug doses.   

   

Regimen Drug 
Original daily dose IAMDF modified daily 

dose (mg/kg) 

    

ALL-POMP 

Prednisone 40mg/m2 11.81 

Vincristine 1.5 mg/m2 0.44 

Methotrexate 10 mg 5.47 

L-Asparaginase 6000 IU/m2 1771.20 U/kg 

6-Mercaptopurine 75 mg/m2 22.14 

   

MB-LCV 

Lomustine 75mg/m2 22.14 

Cisplatin 75mg/m2 22.14 

Vincristine 1.5mg/m2 0.44 

    

BL-CHOP 

Cyclophosphamide 500mg/m2 450.00 

Vincristine 2mg/m2 0.98 

Prednisone 30mg/m2 29.52 

Doxorubicin 60mg/m2 6.50 
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Step 7c application: Toxicity and side effect profile  

 

Common clinical sequalae observed in chemotherapy treatment is highly variable 

between patients. To monitor treatment toxicity, we have adapted an animal welfare scoring 

system and observation chart from the Victorian Department of Agriculture 438 (refer to Table 

2.3 and Table 2.4). By using this observation system, we aim to monitor the impact of the 

chemotherapy regimens on the mice throughout the study (primarily in the pilot study 

outlined below in Step 8). Further, and in combination with the variables of interest outlined 

in Step 4, bodyweight and food intake will be monitored.   
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Table 2.3: Daily individual animal monitoring form. This form was used to assess chemotherapy side effects within the pilot 
study. Observations were recorded in the table; normal clinical signs were recorded as “N” with abnormalities recorded as 
“A” and severity score in brackets e.g. Breathing: A (3) using the clinical signs severity score (Table 2.4). Table adapted from 
the Victorian Department of Agriculture, Australian Government 438. Abbreviations: AF, animal facility; AWO, Animal Welfare 
Officer; g, gram. Clinical monitoring defined as continuous hourly monitoring and reporting until symptoms subside or 
death/euthanasia occurs.  

 

 CLINICAL 
OBSERVATION 

 DATE & OBSERVATION SCORE (N or A) 

 DATE:        

 UNDISTURBED        

 Coat        
 Activity        
 Breathing        
 Movement/gait/trembling        
 Eating        
 Drinking        
 Alert/sleeping        
 ON HANDLING        

 Alert        
 Body condition        
 Bodyweight (g)        
 Hydration        
 Eyes        
 Faeces        
 Nose        
 Breathing        
 Urine        
 Vocalisation:        

 Cumulative Score Action Required 

 

0 No action required 

1-3  Inform AF staff/AWO and place on clinical monitoring  

4-7  Inform AF staff/AWO and place on clinical monitoring -may require analgesia 
or euthanasia 

7-10  Inform AF staff/AWO, intervention with analgesia, fluids or humane 
euthanasia 

10+  Inform AF staff/AWO –humane euthanasia immediately 
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Table 2.4: Clinical Signs Severity Score table. Adapted from Signs of Severity Score published by the Victorian Department 
of Agriculture, Australian Government 438 

CLINICAL SIGNS SEVERITY SCORE TABLE 
 SIGNS 0 1 2 3 

Activity normal isolated, abnormal 
posture 

huddled/inactive 
OR overactive 

moribun
d OR 
fitting 

Alertness/ 
sleeping 

normal dull or depressed little response to 
handling 

unconscious 

Body condition Normal Thin, loss of body 
fat and or muscle 
mass (Body 
condition score of 
BC3) 

Further loss of body 
fat and or muscle mass 
(Body condition score 
of BC2) 

Hunched over, emaciated 
(Body condition score of 
BC3) 

Body weight normal 
weight 
and 
growth 
rate 

Some acute 
weight loss 
within 48 hours 
<10% change. 
Chronic weight 
loss of <10% 
within 5 days.  

Acute weight loss of 
>10% but <15% within 48 
hours. Chronic weight 
loss 
>10% and <15% within 5 
days.   

Acute weight loss of 
>15% within 48 hours.  
Chronic weight loss >15% 
within 5 days.  

Breathing normal rapid, shallow rapid, abdominal 
breathing 

laboured, irregular, skin blue 

Coat normal coat rough Unkempt, wounds, hair 
thinning 

bleeding or infected 
wounds, or severe hair 
loss or self-mutilation 

Dehydration none skin less elastic skin tenting skin tenting & eyes sunken 
Drinking normal increased OR 

decreased intake 
over 24 hours 

increased OR decreased 
intake over 48 hours 

constantly drinking OR 
not drinking over 24 
hours 

Eating normal increased OR 
decreased intake 
over 24 hours 

increased OR decreased 
intake over 48 hours 

obese OR in appetence over 
48 hours 

Eyes normal wetness or 
dullness 

discharge eyelids matted 

Faeces normal faeces moist loose, soiled perineum 
OR abnormally dry +/- 
mucus 

running out on handling 
OR no faeces for 48 hours 
OR frank blood on faeces 

Movement/ 
gait 

normal slight 
incoordination OR 
abnormal gait 

Un-coordinated OR 
walking on tiptoe OR 
reluctance to move 

staggering OR limb 
dragging OR paralysis 

Nose normal wetness discharge coagulated 
Urine normal  abnormal colour/volume no urine 24 hours OR 

incontinent, soiled 
perineum 

Vocalisation normal squeaks when 
palpated 

struggles and squeaks 
loudly when 
handled/palpated 

abnormal vocalisation 
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Step 7d application: Supportive therapies 

 

A large variety of supportive therapies are available and recommended for use to 

combat chemotherapy-induced side effects, such as nausea and vomiting, mucositis, 

anaemia, neutropenia, osteoporosis and diarrhea to name a few 439. Due to each 

chemotherapeutic agent being associated with a different side-effect profile, the supportive 

therapies used to treat these are often closely associated with certain chemotherapeutic 

agents. For example, most chemotherapies induce nausea and vomiting and as such it is 

mostly common practice to treat patients with antiemetics after they commence treatment 

(aprepitant, ondansetron, etc.) 440-444. The same is true for other easily treatable side effects 

like diarrhea, where the treatment has a low toxicity profile itself and, thus, low risk to the 

patient if administered prophylactically 439,445. Some chemotherapies, like the anthracycline 

class, commonly induce cardiotoxicity or renal toxicity which can be partially combated by 

prophylactic administration of cardioprotective agents (dexrazoxane) or chemoprotectants 

(amifostine) 446,447. Other side-effects require a more reactive approach, like that in anaemia, 

neutropenia, osteoporosis, skin rashes and mucositis, for example, as treatments often 

require a more invasive (such as blood transfusions) or physiology altering (such as 

bisphosphonates to combat chemotherapy-induced osteoporosis) supportive interventions 

which could be contraindicated in some circumstances 448-451. Other, more simple, supportive 

therapies are often administered concomitantly with chemotherapy, such as intravenous 

saline drips and antibiotics to combat chemotherapy toxicity (through dilution, fluid volume 

maintenance and protection against renal injury) and immune suppression which are 

common side effects of treatment 452-454.  
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Other, non-pharmacological, non-haematological interventions often surround 

improving survival and chemotherapy tolerability by increasing body mass and function. 

Nutritional supplementation to ensure adequate intake (particularly of protein and vitamin D 

for lean and bone mass maintenance respectively) is imperative, as is ensuring patients 

maintain movement and attempt exercise to maintain bodily function and abate disuse 

atrophy. Interestingly, though, a study by Hyltander et al. showed parenteral feeding (where 

nutrition is delivered directly into the venous system, bypassing the gastrointestinal system) 

showed no improvement to overall survival, length of stay in hospital, body  weight and body 

composition maintenance 455. With lean mass positively associated with chemotherapy 

tolerability, the maintenance of muscle through supportive therapies cannot be understated 

456-458.  

 

Although these supportive therapies are offered in a clinical setting, many of these 

will mask the potential atrophic effect of the chosen chemotherapies and thus the key 

variable of interest of these studies. Moreover, the financial and resource cost associated 

with these supportive therapies are not viable for the current study. For example, the 

administration of blood transfusion to combat anaemia’s or neutropenia’s, intravenous 

administration of saline or antibiotics, or customising nutritional intake to individual or all 

mice would be logistically impossible. For these reasons, some of these supportive therapies, 

but not all, will be used reactively to combat adverse events. Specifically, antibiotics and 

nutritional supplementation will be used to combat infections or life-threatening weight-loss 

as they are observed.              
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Step 8: Dose finding pilot study 

 

As with standard human clinical trial processes 459, the phase I trial here is used to test 

the intervention for the first time within the identified animal model to evaluate safety and 

tolerability. The establishment of whether the selected levels of the intervention are tolerable 

and viable in the animals selected is needed, together with the production of a side effect 

profile similar to that seen in the clinical setting. The pilot study is designed to incrementally 

increase the level of intervention from a known safe point to ensure animals are not subjected 

to unjust cruelty and to ensure minimal mortality. Based on the Organisation for Economic 

Cooperation and Development (OECD) Up-Down protocol 460, a dose lower than the 

previously selected Intervention Animal Model Development Framework (IAMDF) dose is 

used as a starting dose to ensure absolute tolerability and to establish a baseline side effect 

profile. Once that animal survives (1-2 days has been previously shown to be sufficient in most 

cases to capture a majority of treatment related deaths 461) the dose is then increased to the 

selected IAMDF dose and the next animal treated with the elevated dose. If that animal 

survives the initial 1-2 days, a further 14-day observation period should be adhered to and a 

second animal started on the same dose. Both animals should survive before accepting the 

IAMDF dose as viable. In the case either animal dies, the dose should be systematically 

reduced and the trial repeated. This process continues until two animals survive a maximum 

tolerable dose by increasing and decreasing the intervention amount depending on the 

outcome of the preceding trial. From this data, pharmacological values (such as therapeutic 

or lethal doses) can be calculated. Multiple methods for dose reduction could be applied, such 

as using factors (i.e. 2/10), logarithmic reductions (i.e. 10x), or dose halving, with further 

explanation of these outlined in the OECD up-down protocol 460. In some cases, it may be 
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necessary to alter the interval timing of the intervention rather than the levels of the 

intervention itself. For example, instead of a starting dose of 0.1mg/kg of body weight before 

escalating to 1mg/kg of body weight on days 1, 3, 5, 8, 10, 12, a trial more concerned with 

overdosing due to timing may wish to begin with an intervention regimen of days 1 and 8 

before escalating to 1, 3, 5, 8, 10, 12.  

The goal here is to, first, establish an intervention level which does not cause 

significant harm or change to the animal to establish a baseline side effect profile upon which 

subsequent trials can be compared to. Secondly, to trial using the adapted up-down dose 

method (or interval timings if that is the case) described above to establish a rudimentary 

dose response in the animal model to, thirdly, select an intervention level and regimen that 

best fits the human side effect profile observed clinically. As animals have innate differences, 

it may be necessary at this stage to alter the originally defined regimen to better match clinical 

observations and to overcome newly found variables or adverse reactions. This can be done 

either by altering the current intervention regimen further (such as altering treatments 

individual treatments or increasing timing intervals) or by adding supportive therapies as 

outlined in Step 6. 

 Importantly, these further alterations should not diminish the studies clinical 

relevance if avoidable. Variables outlined in Step 4 should be measured throughout the pilot 

study to create both a variable-of-interest and side-effect-to-dose relationship. This will also 

provide important data to complete a power analysis for larger studies in the following steps.  
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Step 8: Application 
  

The application of this step will be presented in the following chapter; Chapter 3, 

where the dose-finding pilot study (as outlined in this Step) will be performed and the 

outcomes analysed. This chapter (or step) will then form the basis of the Step 9 and 10.     

 

 

Step 9: Dose confirmation study 

 

Following the completion of the pilot study, the selected IAMDF dose should now be 

tested with more scale and veracity. A standard animal experimental model should be 

employed here whereby an experimental group (healthy animals treated with the 

intervention at the previously defined dose) is compared to control and vehicle/sham groups 

over appropriate timeframes with appropriate animal numbers. Using the effects measured 

in the pilot study, a power analysis can be performed to accurately determine the required 

sample sizes needed for this step. Variables of interest and side effects defined in Step 4: 

Define variables of interest and are to be measured and compared to hypothesised 

expectations.    

Two main outcomes can occur here. First, the intervention at the IAMDF derived dose elicits 

the expected effects on the animals (within a reasonable margin of certainty due to the 

pathology being absent). If this is the case, progression to Step 11 is advised. Secondly, the 

intervention at the IAMDF derived dose does not elicit the expected effects on the animals. 

In this latter case, it must be determined whether the effects, or lack thereof, are due to the 
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pathology, or supportive therapies not being present within the model, and whether these 

can be accounted for in the next step. If neither of these are viable, it may be in best interest 

to return to earlier steps and troubleshoot why the outcome was not as expected.    

 

 

Step 9: Application 
 

  

Following on from Step 8 and Chapter 3, where the dose finding pilot studies were 

performed and their outcomes analysed, the outcomes of this step will be presented in later 

chapters. Due to the relatively quick success of adapting the MB-LCV and BL-CHOP regimens 

from human to mice in their respective pilot studies, these two regimens were progressed 

into dose confirmation studies where their CI-SMDW effects could be properly assessed in 

Chapters 4 and 5 respectively. The ALL-POMP pilot, largely due to significant treatment 

complications took much longer to finalise and, due to time limitations of this PhD candidacy, 

was not progressed further.        

 

 

Step 10: Intervention adaptation study 

 

In Step 7, the selected intervention was modified to better replicate the intervention 

within the selected animal species. After confirming that the adaption accurately represents 

the clinical presentation of the intervention in humans in steps 8 and 9, this step concentrates 

on adapting the intervention to improve outcomes or specific variables. For example, a model 
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investigating the outcomes of a surgical knee replacement should, for example, now modify 

the prosthesis to investigate whether the modification is viable, safe and an improvement on 

the original gold standard setup used in Step 8 and 9. This step will be largely driven by the 

successes of the previous steps, as the effect of the gold-standard intervention on the 

variables of interest must be previously established and measured so any improvement, or 

lack thereof, induced by the adapted intervention can be assessed. Utilising the information 

obtained in Step 1 and Step 4, a variable (or variables) which significantly impact the outcome 

of the patient should be selected. Then, after the pathophysiology of the issue is understood, 

or at the very least a viable physiological target can be identified, then further adaptions to 

the   gold-standard intervention can be made, such as; altered dosing schedules, addition or 

removal of specific agents or mechanisms, using a different intervention all together or using 

supportive therapies to name a few. The modification and its effects should be measurable 

and replicable with relatively clear mechanisms of action allowing for comparisons and future 

modifications to be reliably made.      

 

 

Step 10:  Application 
 

As highlighted in Chapter 1, targeting mitochondrial dysfunction to reduce mtROS 

production is a logical intervention point through which to attenuate the initiation of 

muscular atrophy, macroautophagy, necrosis, and apoptosis signalling pathways, all of which 

have been strongly associated with CI-SMDW 10,244,284,285. By adapting the gold-standard 

chemotherapy regimens to include a co-therapy capable of mitigating mitochondrial 
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dysfunction, we hypothesise that this could ameliorate the CI-SMDW phenotype and improve 

patient outcomes. Idebenone (IDEB) was identified during the review of literature as the most 

viable and safe mitochondrial targeting co-therapeutic with the potential to reduce cellular 

mtROS whilst simultaneously improving mitochondrial function.  

A review of the literature, including phase-III trials using IDEB, dosages varied from 

450mg to 2250mg per day in humans, with treatment periods of up to 52 weeks. One study, 

investigating the therapeutic effects of IDEB against the myopathy; Duchenne muscular 

dystrophy, showed therapeutic promise using 200mg.day-1 in 4 week old mice up until the age 

of 10 months. With this mouse model in mind, after converting therapeutic doses from the 

above human trials, after consultation with pharmaceutical specialists; it was decided that co-

administration of IDEB at 100mg.day-1, for the full 56-days of chemotherapy would offer the 

best therapeutic potential.  

 

 

Step 11: Pathology and intervention study 

 

With the IAMDF-derived intervention having been verified and adapted, the addition 

of the pathology that it aims to treat is an important subsequent step. The level of success of 

the previous step should be considered and refinement to improve the model should be made 

before commencing. After any refinements have been made, this step is simply additive to 

the previous model. As the intervention, control and vehicle/sham groups have already been 

investigated, the target pathology and its derivatives are investigated instead. Thus, the 
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experimental groups in this step are pathology and pathology+intervention. It may be 

necessary to include a pathology sham group, if the pathology is induced into the model by 

non-genetic means (for example surgical, xenograft, transplant or pharmacological). All 

analysis made in the previous step, should be maintained in this step for continuity and 

comparison.     

 

 

 

Step 11: Application  
 

 

Each of the chemotherapy regimens used within this framework is considered as the 

gold-standard therapy for their associated pathology, namely ALL, medulloblastoma and 

NHBL at publication of this thesis. Although we were unable to complete this step due to time 

and financial restraints, to assess the efficacy of Step 10 modifications it was planned to 

investigate the modified interventions in a xenograft SCID (severe combined 

immunodeficiency) or genetically engineered  mouse models using the same strain (balb/c) 

as used in previous steps. For the ALL-POMP model, SCID mice would be inoculated with 

human leukemic cells obtained via therapeutic apheresis of paediatric ALL patients 462. 

Similarly, orthotopic xenografts of human NHBL cells into the adrenal or para-adrenal glands 

(location used due to ease of access and replicability via ultrasound guided needle) would be 

used as previously described to investigate the therapeutic efficacy of the modified BL-CHOP 

therapy. 463 To investigate the modified MB-LCV regimen, a genetically engineered 

knockdown mouse model (Lig4−/− / p53−/−) has been shown to have the highest incidence rate 
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(or take up rate if compared to xenograft transplant models) of medulloblastoma with rates 

of 100%. 464 It must be conceded, however, that although these pre-clinical models may 

develop the cancer under investigation, a myriad of variables pull the clinical relevance of 

these xenograft model under question. The most significant of these is the ability of the 

tumours to metastasize, as this is one of the main reasons systemic administration of anti-

cancer chemotherapeutics are used. 465 The referenced studies have all reported metastases 

within the chosen models and have reported congruence between their pre-clinical mouse 

model and the human patient sequalae. As the application of this step was outside the scope 

of this thesis, further discussion of the importance of this step will be resumed in Chapter 7 

where the limitations and future directions of this thesis will be addressed.   

 

 

 

Step 12: Evaluate clinical similarity of intervention 

 

From conception, clinical relevancy and similarity have been key through this 

framework. A comprehensive analysis of the level of similarity that was achieved is 

paramount to support the translation of the intervention into the clinic. With nine from ten 

successful pre-clinical projects failing in clinical trials 466,467, more needs to be done to ensure 

success at these later translational levels. Although there exists a plethora of reasons why 

most animal models fail to produce successful human treatments, the steps laid out herein 

aim to improve both the clinical relevancy of the model and the researchers outlook on the 
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variables and processes that should be considered when aiming for the coveted ‘from bench 

to bedside’ achievement.  

This step is thus an important step for the improvement of pre-clinical animal models 

both within individual collaborative groups and the wider scientific community. Reflection on 

both the success and failures of where the model achieved clinical similarity, in relation to 

current human models and not from animal standard, will hopefully identify the potential 

short falls of the interventions translation before it arrives into the clinical area. Proper 

reflection here serves to act as a filter to stop the promising yet clinically dissimilar models 

from progressing into expensive and resource hungry trials.  

 

 

Step 12: Application 
 

The application and success of each of the study’s will be discussed in more depth in 

each of their relevant chapters, with the overall success of this framework discussed in 

Chapter 7.  

 

 

2.3 Chapter Summary  
 

This chapter aimed to develop a robust framework which could be used within this 

thesis, and in future biomedical research, to create animal models with which to investigate 

the therapeutic efficacy and viability of a human-targeted specific intervention. Using this 
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framework, three gold standard chemotherapeutic interventions (ALL-POMP, MB-LCV and BL-

CHOP) currently used against paediatric malignancies have been modified for use and an 

animal model for the investigation of each developed. The next chapter of this thesis will 

utilise these pre-clinical animal models to assess each of the regimen’s viability for use in a 

larger number of mice and assess the clinical similarity of their side-effect profiles, before 

using them to investigate the chemotherapy-induced skeletal muscle dysfunction and wasting 

pathology in later chapters.  
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Chapter 3 

Validation of Juvenile CI-SMDW Investigatory 
Animal model  
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3.1 Introduction 
 

 

Many of the gold standard chemotherapy regimens that are used today to combat 

cancer were founded decades ago 368,468-472. Vast improvements to patient survivability have 

been achieved since then, and these improvements can be by-in-large attributed to earlier 

detection methods and greatly improved patient support therapies 6. Alterations to original 

chemotherapeutic regimens is largely abated due to, and rightly so, by the health outcome 

concerns for patients – as only small, incremental changes can be made at any one time out 

of concern that anything larger may unacceptably increase patient risk. Animal models are 

thus an essential tool for the development of new treatment methods. However, as outlined 

in the previous chapter, the development of clinically relevant models can often be difficult 

due to the physiological and behavioural differences between the species. This chapter will 

build on the previous chapter which completed the first seven steps of the Intervention 

Animal Model Development Framework (IAMDF) and document the completion of Step 8: 

Dose Finding Pilot Study. This step is crucial to understanding the intricacies of the 

interventions, particularly the outcome of the interactions between the chemotherapeutic 

agents used in the various regimens and their subsequent effects on the mouse. This chapter 

aims to assess the suitability, efficacy and clinical relevancy of the ALL-(referred to heron as 

ALL-POMP), medulloblastoma- (referred to hereon as MB-LCV) and NHBL- (referred to hereon 

as BL-CHOP) indicated chemotherapy regimens as created using the Intervention IAMDF 

presented in Chapter 2.  
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3.2 Methods  
 

 

3.2.1 Pilot animals  
 

18-day old male, balb/C mice were obtained from the Walter and Eliza Health Institute 

(Victoria, Australia) and separated into boxes with 3 mice (1 mouse per regimen) per cage 

upon arrival and allowed to acclimatise for 3 days, before treatment commenced at 21 days 

of age. Mice were maintained on a 12hr light/dark cycle in a climate-controlled facility (18-

23oC, 40-70% humidity) at Sunshine Hospital, Western Centre for Health Research and 

Education animal facility (Victoria, Australia). Boxes were clad with standard, autoclaved 

compressed paper pellet bedding. On the day of treatment, mice were administered their 

respective treatments (as per Figure 3.1, Figure 3.2, and Table 3.1).  

 

 

3.2.1.1 Pilot specific housing 
 

Pilot mice were housed together in trial groups, with mice receiving respective 

treatments concurrently. This was done to minimise isolation distress as only one mouse 

received their respective treatment per trial. As such, food and water consumption was used 

in conjunction with weight monitoring to rudimentarily measure caloric intake and to assess 

whether alternative foods (i.e. watered down food paste/mash) were required. Further, due 

to housing arrangements in the pilot studies, food and water intake data was used as a 

rudimentary measure of the effect of chemotherapy dosing in general, rather than the effect 

of specific regimens, due to the inability to distinguish individual mouse intake.  
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3.2.1.2 Animal welfare monitoring 
 

Mice were monitored constantly for 30min after each treatment and every 30min 

thereafter for up to 2 hours post treatment for signs of severe impact on welfare, then 

periodically up to 24 hours post-treatment (but at least 3 times between 4-24 hours). In the 

24-48 hours post-treatment, mice were monitored twice daily. Mice were then monitored 

once daily from 48hours to 14 days after the last treatment of the regimen. Monitoring was 

completed using Table 2.3 and Table 2.4 from Chapter 2: Step 7.  

 

 

3.2.1.3 Ethical statement 
 

All experimental procedures were approved by the Victoria University Animal Ethics 

Experimentation Committee (project AEC 17-009) and conformed to the Australian Code of 

Practice for the Care and Use of Animals for Scientific Purposes. 

 

 

3.2.2 Pilot chemotherapy regimens and treatments 
 

 

One mouse per treatment group (ALL-POMP, MB-LCV, BL-CHOP) commenced the first 

dose trial with its respective chemotherapy regimen at a 10-fold reduced dose (10%) using 

the IAMDF in Chapter 2. If no severe detriment to welfare (identified as a score of 10 or 

greater using the forms outlined in Chapter 2: Step 7) was observed throughout the trial or at 

14 days after completion, the next trial commenced at the IAMDF selected dose (100%) with 

the next animal. In the case that an animal completed the regimen at the 100% dosage level 
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with no severe detriment during the regimen or 14 days after completion, then the IAMDF 

selected dose was selected as the animal equivalent dose for that chemotherapy regimen and 

the mouse culled and tissues harvested for post-mortem analysis. In the case where the 

animal exhibited a severe impact to welfare (as outlined in S3.2.1.2 above) they were 

anaesthetised with isoflurane (described in S3.2.3.1 below), culled and a necropsy performed 

(described in S3.2.3.3 below). In this instance, the next pilot trial was commenced on the next 

animal and the regimen repeated at a 10% lowered dose. This process of 10% dose reduction 

was repeated until an animal completed the pilot without severe detriment. This process was 

completed for all three regimens: ALL-POMP, MB-LCV and BL-CHOP. Pilot dose levels and 

IMADF pilot regimen organisation are outlined in Table 3.1 and Table 3.2 respectively in 

S3.2.2.2 below.  

 

 

3.2.2.1 Treatment creation 
 

Intraperitoneal injections were created by adding a stock solution of each respective 

chemotherapy (refer  

Table 3.1 below for doses) directly into a sterile syringe under sterile conditions. Where 

multiple treatments were required, individual treatments were added to the same syringe. 

Due to the maximum injectable volume (1% of body weight in volume as discussed below in 

S3.2.2.2), it was at times necessary to increase the concentration of the treatments to 

decrease the volume injected.  
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3.2.2.2 Treatment administration and supportive therapies  
 

Treatment regimens were designed to be administered back to back, thus 8 weeks of 

continuous treatment was administered (Course 1 + Course 2 for ALL-POMP and 2x Course 1 

for MB-LCV and BL-CHOP, refer to Chapter 2, Step 7 and Figure 3.1 and Figure 3.2 below for 

more details). Between 7-9am daily mice were weighed, and food and water consumption 

monitored, and treated with their respective morning treatment (or daily treatment if only 

one). Mice were also monitored for complications and toxicity (refer to S3.2.1.2 above). 

Between 1-3pm daily, mice were weighed, and their respective PM treatment administered. 

Mice receiving Doxorubicin, for example, would receive two half dose injections, one between 

7-9am and one between 1-3pm, to spread the full dosage over the day, reduce acute toxicity 

and somewhat mimic the continuous intravenous method of administration used in clinic. For 

animal welfare reasons, treatment volumes were limited to 1% body weight in volume (i.e. a 

30g mouse could receive up to a 300µl I.P. injection). Mice had ad-libitum access to 

autoclaved water and standard autoclaved rodent chow, with consumption measured as the 

amount remaining in the hopper/bottle after every 24 hour period. If mice were observed to 

lose 10% bodyweight for 3 or more consecutive days, these mice were given access to ‘chow 

mash’ which was created by adding autoclaved water to approximately 6-7g of standard 

autoclaved rodent chow at a 2:1 ratio to create a smooth paste.  

Figure 3.1 Pilot study timeline, commencing between 3-4 weeks of age and concluding when one mouse from each 
regimen successfully complete treatment without undue toxicity (as outlined in text). 
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Table 3.1: Possible maximal tolerable dose outcomes (and drug abbreviations) based on pilot study success 
and IAMDF guidelines. Pilot 2 (highlighted in yellow) denotes the target doses for the highest clinical relevancy 
as identified using the IAMDF in Chapter 2. 

Maximum Daily dosage (mg/kg) per study per Pilot trial 

Regimen Drug 
 

Pilot 1 
Pilot 2 (IAMDF 
selected dose) Pilot 3 Pilot 4 Pilot 5 Pilot 6 

         

ALL-
POMP 

Prednisone (PRED)  
 

1.18 11.81 10.63 9.45 8.27 7.09 

Vincristine (VCR) 
 

0.04 0.44 0.40 0.35 0.31 0.26 

Methotrexate 
(MTX) 

 

0.55 5.47 4.92 4.38 3.83 3.28 

L-Asparaginase 
(IU/kg) (LSPAR)  

177.12 1771.20 1594.08 1416.96 1239.84 1062.72 

6-Mercaptopurine 
(6MP)  

2.21 22.14 19.93 17.71 15.50 13.28 

        

MB-LCV 

Lomustine (CCNU) 
 

2.21 22.14 19.93 17.71 15.50 13.28 

Cisplatin (CDDP) 
 

2.21 22.14 19.93 17.71 15.50 13.28 

Vincristine (VCR) 
 

0.04 0.44 0.40 0.35 0.31 0.26 

         

BL-CHOP 

Cyclophos-
phamide (CMP) 

 

45.00 450.00 405.00 360.00 315.00 270.00 

Vincristine (VCR) 
 

0.10 0.98 0.88 0.78 0.69 0.59 

Prednisone (PRED) 
 

2.95 29.52 26.57 23.62 20.66 17.71  

Doxorubicin (DOX) 
 

0.65 6.50 5.85 5.20 4.55 3.90 

 

  

Figure 3.2: Chemotherapy regimens and starting doses for pilot study. All drugs given via intraperitoneal injection unless otherwise stated. 
Administration of dosage will occur via 2 injections, or 2 oral gavages (as specified) at 6-hour intervals to reduce acute toxicity and simulate 
intravenous delivery used in the clinic. Day numbers indicate days of life and those in brackets indicate subsequent courses., refer to Chapter 
2, Step 2 for details.  
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Table 3.2: IMADF trials of each dose finding attempt with associated dose percentages used; (10% is a 10% 
dose of the IAMDF derived clinically relevant dose). Where individual drug names are used with percentages, the 
bracketed percentage used is independent of the percentage used for the rest of the regimen (i.e. ALL-POMP80 
(6MP*50%) indicates that the ALL-POMP regimen is reduced from 100% to 80% of the clinically relevant IAMDF 
dose and 6MP is reduced from 100% to 50% of its clinically relevant IAMDF dose). In the instance of 6MP, the 
50% reduction is due to a halving of administration from twice daily to once daily and no change to the dose per 
treatment was made. Abbreviations: CLV: Calcium leucovorin; PT: Prednisone Taper.     

Pilot Run 
Regimen(s) 

trialled 
Trial dose % Additions 

Regimen reference ID 

T1 

ALL-POMP 10%  ALL-POMP10 

MB-LCV 10%  MB-LCV10 

BL-CHOP 10%  BL-CHOP10 

T2 

ALL-POMP 100%  ALL-POMP100 

MB-LCV 100%  MB-LCV100 

BL-CHOP 100%  BL-CHOP100 

T3 
ALL-POMP 80% (6MP*50%)  ALL-POMP80 

BL-CHOP 80%  BL-CHOP80 

T4 

ALL-POMP 
100% (MTX*80%, 

6MP*50%) 
CLVR + PT 

ALL-POMP100+CLV MTX80 

ALL-POMP 
80% (MTX*60%, 

6MP*50%) 
CLVR + PT 

ALL-POMP80+CLV MTX60 

T5 

ALL-POMP 60% (6MP*50%) CLVR + PT ALL-POMP60+CLV 

ALL-POMP 50% (6MP*50%) CLVR + PT ALL-POMP50+CLV 

ALL-POMP 40% (6mp*50%) CLVR + PT ALL-POMP40+CLV 
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3.2.2.2.1 ALL-POMP specific dose finding alterations  
  

Due to severe toxicity induced by the ALL-POMP regimen (refer to S3.3 for details), 

modifications to the regimen were required to establish its viability. The addition of calcium 

leucovorin recovery (CLVR) (which was not indicated in the original IAMDF selected regimen 

322) has been shown in similar ALL-POMP treatment regimens to reduce MTX acute nephro- 

and immune-toxicity by repleting folate and allowing leukocyte and erythrocyte recovery; as 

well as increasing renal clearance of the drug 473,474. As such, CLVR was added here. Upon 

signs of reduced food consumption and lethargy (indications of dehydration and nausea) a 

liquid diet of food mash was introduced to improve caloric intake and, importantly, hydration 

to improve MTX clearance 474. Reductions to MTX dosage was also made in an attempt to 

improve tolerability and survivability (Table 3.2). To further reduce the regimens toxicity, a 7-

day prednisone taper period was added to the regimen whereby prednisone was reduced by 

12.5% of its original untapered dose, per day, from day 1 through day 7 of the second phase 

of the regimen. This taper method has been added to most but not all regimens which contain 

corticosteroids such as prednisone and dexamethasone 322,475. Additional reductions to 

individual drugs within the regimen were made due to observational changes. 6MP is 

associated with acute liver toxicity in maintenance protocols and, if severe toxicity is noted, 

the recommendation is for 6MP therapy to be reduced or aborted 476. Due to the consistent 

use of 6MP in clinic (and the chosen regimen), it was decided to reduce 6MP therapy to once 

daily instead of twice daily administration (hence the drop to 6MP*50%, Table 3.2).                  
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3.2.2.2.2 ALL-POMP specific housing alterations 
  

Trials 1, 2 and 3, which included ALL-POMP10, ALL-POMP100 and ALL-POMP80 mice 

(trial outlines and mouse reference ID’s outlined above in S2.2.2; Table 3.2) were housed as 

outlined in previous sections. However, due to leukocyte depletion induced by the ALL-POMP 

regimen (details presented in S3.3.4) and resultant infection risk, housing conditions were 

altered for subsequent ALL-POMP trials (trials T4 and T5) to minimise infection risk. Housing 

alterations for these trials were under instruction by the university animal welfare officer and 

included bedding changes from standard compressed paper to autoclaved saw dust to reduce 

irritation and microbial growth within the bedding media. Further, bedding was changed 

three times per week.  

  

 

 

3.2.3 Ex vivo animal analyses  
 

3.2.3.1 Anaesthetics  
 

Mice were placed in a 1L chamber and subjected to an influx of 4% isoflurane in oxygen 

to induce anaesthesia. The mouse was removed once appropriately anaesthetised and placed 

on a surgical pad with a nose cone attached to the mouse to continue isoflurane 

administration at 2-4% concentration and maintain anaesthesia. Anaesthesia success was 

measured by checking the loss of the mouses foot reflex. This was achieved by pinching the 

foot with forceps which, under normal circumstances, would initiate a spontaneous 
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contraction of the hind limb muscles. Surgical procedures commenced after no foot reflex 

was observed.   

 

 

3.2.3.2 Contractile property analysis of EDL and SOL muscles 
 

As a loss of skeletal muscle function is a key characteristic of the CI-SMDW phenotype, 

the aim of contractile analysis was to measure changes to strength and fatiguability due to 

chemotherapeutic administration.  

 

 

3.2.3.2.1 Surgical preparation for contractile analyses 
 

The right hind limb was doused with saline fluid to wet the fur before an incision was 

made bilaterally through the superficial layers of the skin circling the insertion point of the 

lower limbs, allowing the lower limbs to be de-gloved exposing the musculature. The fascia 

separating the anterior and posterior compartments of the leg was carefully cut and removed, 

and the anterior and posterior compartments separated with a blunt dissecting tool from 

knee to ankle. The proximal tendon of the EDL was then loosened and surrounded fascia 

removed, before suture (silk, 0.5mm diameter) was passed under the tendon and a double 

knot created at the end of the tendon (refer Figure 3.3). The same process was then 

completed for the distal tendon of the EDL. This process was then completed for the proximal 

and distal tendons of the SOL (refer Figure 3.4). Both muscles were then removed and placed 
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in a heated (30oC) bath of Krebs-Henseleit Ringer's solution (refer Table 3.3) in individual organ 

baths (Danish Myo Technology, Hinnerup, Denmark) (analysis procedure detailed later) and 

bubbled with carbogen (5% CO2 in O2; BOC gases, Melbourne, Australia).    

 

 

Table 3.3: Components and solutions required for Krebs-Henseleit Ringer's solution (Solution A) used in 
contractile experiments 

 

 

  

Solution Component Amount 
Solution A component solutions 

 

Krebs Stock (10x 
concentration) 

Total volume = 1.0L 

NaCl 68.96g 
MgSO4.7H2O 2.465g 

KCl 3.54g 
Na2HPO4 1.42g 

   
CaCl2 Stock 

Total volume = 0.5L 
CaCl2 9.19g 

   
NaHCO3 Stock 

Total volume = 0.5L NaHCO3 20.1625g 

 Solution A method  
Krebs-Henseleit Ringer's 

solution 
Total volume = 1.0L 

pH=7.4 

Krebs Stock 100ml 
CaCl2 Stock 20ml 

NaHCO3 Stock 50ml 
Glucose 1.98g 
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Figure 3.4: Example image of suture material attached to both proximal and distal tendons of 
both the SOL and EDL muscles in the right hind limb of the mouse. 

Figure 3.3: Knot tying procedure for muscle contractile experiments. Suture is passed under the 
EDL distal tendon (*) and a double knot tied (2-6). The ends of the suture material are then used to 
attach the muscle to the contractile apparatus (completed on both distal and proximal ends of the 
muscle).  
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3.2.3.2.2 Finding muscle optimal length 
 

After excision, both EDL (fast twitch) and SOL (slow twitch) muscles were completely 

submerged in Solution A (contents in Table 3.3) and bubbled with carbogen gas in DMT baths 

one and two respectively. Muscle optimal length was then established by mechanically 

lengthening the muscle in small increments and stimulating the muscle with a series of 

supramaximal twitch contractions (21V, 100Hz, 0.2ms square wave pulse) ensure total 

recruitment of the motor units. The resulting forces were measured using LabChart Pro 8 

software (AD Instruments). These contractions were then measured and, when the 

contractional force created was at its greatest (established by seeing two successive smaller 

twitches), the muscle length was returned to what was  its optimal length (see Figure 3.5). To 

ensure robust tying of the suture knots, the muscle was stimulated with a train of impulses 

to elicit a single tetanic stimulus (100Hz and 350ms train duration, 80Hz and 500ms train 

duration for EDL and SOL respectively). Following this, baseline force was observed for any 

major decline (which would indicate slipping of the knots) followed by two single electrical 

pulses to ensure twitch force was the same as previously recorded. With optimal length 

confirmed, muscle length was then measured with precision metric callipers (see Figure 3.6).       

Time (s) 
Figure 3.5: Screenshot example from LabChart Reader of optimal length protocol. Positive and negative numbers (-25 to 
25) are indicators of arbitrary measures of required muscle lengthening and shortening with the following larger numbers 
measures of force production. Green: EDL, Pink: SOL. Abbrev: mN; millinewton, s: seconds, OP: optimal length found.  
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3.2.3.2.3 Force frequency protocol  
 

After the optimal length of the muscles had been found, measurement of the muscles 

maximal force output was performed. Beginning at 10hz (using previously noted pulse train 

stimulus parameters) muscles were stimulated at increasing frequencies. The greatest tetanic 

force produced throughout the protocol was recorded as the peak isometric force for that 

muscle (see Figure 3.7). 

Time (s) 

Figure 3.6: Screenshot example from LabChart Reader of optimal length confirmation protocol. First, a tetanic contraction 
is shown used to recruit/activate all fibres within the muscle, followed by two separate ‘twitch’ contractions to at increasing 
voltage to measure the accuracy and success of the optimal length protocol.  Green: EDL, Pink: SOL. Abbreviation: mN: 
millinewton, s: seconds 
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3.2.3.2.4 Fatigue-recovery protocol     
 

Considering the differences in muscle physiology between the EDL (fast twitch) and 

the SOL (slow twitch) muscles, fatigue protocols between the muscles differ. Using the 100Hz 

for EDL and 80Hz for SOL stimulus protocols as they yield close to maximal forces, EDL muscles 

were stimulated at 4000ms intervals and SOL muscles at 2000ms for 3 min (see Figure 3.8) to 

elicit fatigue. During recovery, muscles were stimulated using the same tetanic stimulus 

parameters at minutes 1, 2, 5, 10, 15, 20, 30, 45, 60 and the recovery force produced 

measured. All forces in the fatigue and recovery protocol were expressed relative to the force 

developed by the first stimulation.  

Time (s) 

Figure 3.7: Screenshot example from LabChart Reader of force-frequency protocol. As described in-text, at each step; 
frequency is increased in intervals to illicit a stronger contraction. At the point of greatest isometric force, an increase in 
frequency only results in a weaker contraction. Green: EDL, Pink: Sol.Abbreviations: mN (millinewton), s: seconds.  
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3.2.3.2.5 Standardisation of force via cross-sectional area and density 
 

After testing, muscles were removed, blotted dry and tendons (and suture) removed 

and then weighed. Peak force as measured in previous sections was standardised against the 

cross-sectional area of the muscle which was calculated as previously described 477,478 and as 

described below:  

𝐶𝑆𝐴 =  
𝑤𝑒𝑡 𝑚𝑢𝑠𝑐𝑙𝑒 𝑚𝑎𝑠𝑠

𝐿  ×  𝑅 × 𝑚𝑢𝑠𝑐𝑙𝑒 ρ 
 

 

Where CSA refers to cross sectional area, Lo refers to optimal length of the muscle, R 

refers to the fibre:muscle length ratio constant which is equal to 0.71 for SOL and 0.44 for EDL 

and muscle density (ρ) as 1.06g/cm3. To normalise the force produced to the mass of the 

muscle, specific force was also measured which was calculated using the following equation:  

Time (s) 

Figure 3.8: Screenshot example from LabChart Reader of force output from fatigue protocol. As described in-text, muscles 
are stimulated at defined intervals with a standard electrical stimulation over a 3min period, resulting in a decline in force 
output over time. Green: EDL, Pink: SOL. Abbreviations: mN (millinewton), s: seconds. 
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𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑜𝑟𝑐𝑒 =  
𝑚𝑎𝑥𝑖𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑚𝑁) 1000⁄

𝐶𝑆𝐴 (𝑐𝑚ଶ)
 

 

 

 

3.2.3.2.6 Pilot specific ex vivo contractile analysis alterations 
 

Unique to this chapter, a control mouse was used for comparison against the 

chemotherapy treated mice within the contractile analyses. The control mouse here was 47 

days old in an attempt to minimise age differences between the groups (ages at time of pilot 

experimentation due to pilot end point; ALL-POMP=43 days old, BL-CHOP and MB-LCV = 52 

days old) and had not received any treatment. Due to the same number of pilot animals used, 

only the extensor digitorum longus muscle was used in analyses as no soleus muscle was able 

to complete the entire protocol. In future chapters, a vehicle group is used instead of the 

control mouse, the end-point unanimous between groups, and both the extensor digitorum 

longus and soleus muscle was analysed.  

 

 

 

 

3.2.3.3 Post-mortem analysis 
 

After muscles were removed for contractile analysis, the remaining muscles of interest 

were excised, weighed and prepared as per Table 3.4. An incision was then made along the 

midline of the lower abdomen through to the sternum which pierced all layers of the 

abdominal wall. Incisions were then made from the terminal ends of the incision laterally to 
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expose the contents of the thoracic and abdominal cavities. All major organs and tissues of 

interest were removed (see Table 3.4 below), weighed and frozen in liquid nitrogen and 

stored in -80oC freezers for future use. The animal was alive until the removal of the heart 

which was identified as the ethical point of death of the animal.  

Table 3.4: A list of tissues taken through non-survival surgery and associated methods in order of excision.   

 

Tissue Collected Method 
Tibialis Anterior m. (TA) After the EDL was removed the distal insertion of 

the TA was severed, the TA reflected superiorly and 
then severed at the origin. The TA was then covered 
in OCT and snap frozen in liquid nitrogen cooled 
isopentane.   

Plantaris m. The calcaneal t. was severed at the most distal point 
allowing the posterior musculature to be reflected. 
The plantaris m. was then severed at the origin 
(proximal end of the femur) and the insertion 
excised from the lateral head of the gastrocnemius 
m.  

Gastrocnemius m. (gastroc) & Soleus (SOL) 
m. 
 

The gastric m. was severed at the origin (proximal 
end of femur b.) and both the gastroc and soleus m. 
removed. A small incision was then made along the 
proximal edge of the soleal line to separate the 
soleus m. from the gastroc. The soleus m. was then 
separated by light force from the gastroc. Both SOL 
muscles were then immediately used in contractile 
function testing, whilst the gastroc was snap frozen 
and stored for future analysis. After contractile 
testing, the SOL muscles were snap frozen in OCT 
and stored for future analysis. 

Quadriceps femoris m. (quad) The quadriceps femoris t.  was severed at the distal 
end proximal to the patella b. and the quad 
reflected superiorly. The superficial fat layer was 
then removed, and an incision made between the 
vastus medialis m. and sartorius m. to the femur b. 
with care taken not to sever the femoral a. or 
femoral v.  The muscle complex was the severed at 
the origin. 

Kidneys Removed bilaterally via excision. 
Spleen Removed via excision. 
Liver Removed via excision. 
Heart The diaphragm m. was severed centrally, and the 

heart removed via excision  
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3.2.4 Statistical analysis 
 

As the pilot studies described within this chapter used only 1 mouse per treatment 

protocol, statistical analysis of results were unable to be calculated.  

 

3.3 Results 
 

 

3.3.1 Measure of weight loss and survival as indicators of IMADF pilot trial 
success 
 

Throughout the 8 weeks of treatment, and regardless of regimen, weight loss was 

proportional to the dose received, in that the higher the dose, the greater the loss in 

bodyweight. Vehicle (VEH) growth rate percentages from Chapter 4 have been added to 

Figure 3.9F for comparison (see Chapter 4 S4.2.1.2 for further details of VEH regimen), and 

dosage percentages and changes can be viewed in S3.2.2,  Table 3.2.  

 

 In all cases, the 10% dose of each associated regimen was well tolerated with only 

moderate failure to thrive observed (percent growth from start; VEH: 191%, MB-LCV10: 

162%, BL-CHOP10: 149%, ALL-POMP10: 156%, Figure 3.9A-C & F:). With successful 

completion of the 10% regimens achieved, doses were increased to the IAMDF derived, 

clinically relevant 100% dose regimens. At this level, only MB100 was successfully tolerated 

although the higher dose resulted in a -42% reduction in body weight by the end of the trial 

(D56 as compared to MB10, Figure 3.9A). Using the IMADF framework outlined in Chapter 2, 
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the MB100 was considered the dose which would provide the greatest clinical relevancy and, 

as it was tolerated here, was selected for future studies.  

At the 100% dose level, the BL-CHOP100 trial induced lethal toxicity (end weight 

percentages: VEH: 191%, BL-CHOP100: 92% Figure 3.9B). As such, the BL-CHOP dose was 

reduced to 80% which was successfully tolerated. Due to the severe toxicity observed at the 

100% dose it was decided that the 80% dose would be used in future studies as there were 

significant concerns for animal welfare if the dose was elevated and trialled at 90%.    

 In regard to the ALL pilot, and due to significant failure to thrive during the ALL100 

regimen, alterations in dosage and the regimen itself were made to subsequent ALL trials to 

improve survivability (as previously described in S3.2.2.2). With the dose reduced to 80%, a 

clear improvement in growth was noticed from the onset of the ALL80 trial (Figure 3.9C). 

However, continuous weight loss was observed at a similar time point as the ALL100 (a few 

days after the second administration of MTX) and resulted in death. New trials which 

incorporated a calcium leucovorin (CLV) recovery post MTX administration with the ALL100 

and ALL80, together with reduction in MTX dose to 80% and 60% (respectively for ALL100 and 

ALL80, Figure 3.9D) showed promise with continuous growth maintained throughout the first 

6 weeks (weight peaked at 157% and 149% for ALL80+CLV MTX60 and ALL100+CLV MTX80 

respectively), though strong, acute weight loss began from a similar time point as previous 

trials resulting in death of both animals (weight loss 24% and 26% for ALL80+CLV MTX60 and 

ALL100+CLV MTX60 respectively). To combat this, further dose reductions were made to 60% 

and below (in combination with CLV recovery and PRED taper) which were survived, although 

not without considerable toxicity (described in more depth in S3.3.4 and S3.3.5). Ultimately, 

the ALL60+CLV was the highest tolerable dose and was selected for use in future studies.   
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When weight data from each tolerable dose was compared to VEH (Figure 3.9F), all 

groups showed considerable failure to thrive, indicative that chemotherapy-induced weight 

loss was present at all dose levels (refer Figure 3.10 for ALL-POMP trial comparison). 
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Figure 3.9: Weight percentage change and survival of animals in response to IAMDF dose finding pilots. (n=1). 
Considerable changes in weight gain were observed in animals in response to the varying chemotherapy regimens and dose 
levels with the highest successfully tolerated regimen shown in panel F. VEH* group (n=5) was not conducted as part of this 
chapter and details of this group can be seen in Chapter 4, S4.2.1.2. Dotted lines in panel F denote standard deviation of 
results. Diagonal black, diagonal lines indicate death of animal. n=1 for all groups. Weights shown as a percentage of 
starting weight.  
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Figure 3.10: Cumulative growth of ALL-POMP treated mice showing increased growth and weight gain as dose was reduced 
and alterations made. Data derived from body weight (% of start) data presented in Figure 3.9 as the area under the curve 
from days 1-39 showing the total weight gained (or lost) over the time period. Day 39 was chosen as a cut-off point to account 
for the acute decline in bodyweight in the ALL100 trial. A value of 3800 (dotted line) indicates no gain or loss of weight. 
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3.3.2 Food and water intake across all trials 
 

 

Food intake is an important diagnostic tool when monitoring weight-loss associated 

symptoms. Although cages contained mice being treated with different regimens, trial 1 and 

trial 2 were housed separately and differed in regimen dose (refer S3.2.1.1, for trial 

alterations) and number of animals up to day 44 of treatment (due to mouse death) and thus 

were considered comparable up until this time point. Food consumption was lowered in trial 

2 (n=3, Day1-44 = total of 120.2g) compared to trial 1 (n=3, Day 1-44 = total of 148.5g) with 

water consumption increased slightly in trial 1 (n=3, Day1-44 = total of 175.6g) compared to 

trial 2 (n=3, Day1-44 = total of 158.8g). 

  



131 
 

 

  

Figure 3.11: Food and water consumption from pilot trials 1 and 2. Water (A) and food (B) consumption, measured daily, 
and corrected for number of animals (n=3 day 1-44, n=2 day 44-49). There was no discernible reason for the drop in 
consumption on D42. Area under the curve D1-44: T1: 148.5g of food consumed per animal, T2: 120.2 g of food consumed 
per animal.       

A 

B 
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3.3.3 Confirmation of chemotherapy induced dysfunction in ALL-POMP, 
MB-LCV and BL-CHOP chemotherapy treated mice 

 

  

The extensor digitorum longus (EDL) m. from mice treated with the 100% of IAMDF 

dose underwent muscle endurance and recovery testing. All three chemotherapy treated 

muscles produced a lower total force output over the endurance phase compared to the 

control (area under the curve 0s-180s: CON=344.1mN, ALL-POMP=334.2mN, BL-

CHOP=294.6mN, MB=268.6mN) with all chemotherapy-treated muscle exhibiting an 

increased fall in force output over the 180s protocol when compared to VEH (difference in 

force output between pre-protocol (0s) and post-fatigue protocol (180s): CON=-50.1mN, ALL-

POMP=-56.0mN, BL-CHOP=-55.8mN, MB=-61.9mN) as well as considerable decline in 

performance recovery (difference in force output between end-fatigue protocol (180s) and 

post recovery protocol (+60m): CON=57.7mN, ALL-POMP=5.5mN, BL-CHOP=-31.4mN, MB=-

12.3mN, refer Figure 3.12) . Chemotherapy-treated muscle also failed to recover from the 

fatigue protocol with all muscle either showing an overall decline or no overall improvement 

in force output during the fatigue protocol (difference between pre-protocol (0s) force output 

and post recovery (+60m) force output: CON=+7.6mN, ALL-POMP=-50.5mN, BL-CHOP=-

87.2mN, MB-LCV=-74.27mN, refer Figure 3.12).  
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Figure 3.12: Skeletal muscle dysfunction due to chemotherapy treatment regardless of regimen. (n=1) All treated mice 
produced a lower force output as compared to CON over the fatigue protocol (0-180s) with ALL-POMP and BL-CHOP 
treated mice showing a slight post fatigue recovery between the 0 and 5min time points, with the ALL-POMP treated 
mouse not showing any improvement thereafter and the BL-CHOP mouse showing a considerable decline in force output 
from 5 minutes onward. The MB-LCV treated mouse showed a considerable decline in force output between the end of 
the fatigue protocol and the start of the recovery protocol but showed steading, although slight, improvements in 
recovery thereafter. These observations are in stark contrast to the CON mouse which showed steady improvement in 
force output from the start of the recovery, with force output ultimately returning pre-fatigue protocol levels. 
Abbreviations: mN: Millinewtons; s:seconds; m:minutes; CON:control (untreated).   
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3.3.4 Immune suppression in ALL-POMP chemotherapy treated mice 
 

 

An important measure of success for the ALL-POMP regimen is its ability to suppress 

the white cell profile of the treated animal to eliminate the dysplastic leukocyte precursor, as 

this is the primary purpose in its application against the progression of ALL 37,129,479-482. VEH 

cell counts from Chapter 4 have been added to Figure 3.13 for comparison (refer to Chapter 

4, S4.3.5 for further details). Examination of peripheral blood smears showed moderate 

polychromasia with presence of Howell-Jolly bodies and a low to moderate presence of 

schistocytes in all ALL-POMP treated mice. In comparison to VEH, ALL+CLV treatment afforded 

a dose related reduction in WCC (where VEH: 4.64x109, ALL-POMP 60+CLV 1.80x109, ALL-

POMP50+CLV 2.10x109, ALL-POMP40+CLV  3.60x109) with highest WCC suppression achieved 

at the highest dose survived (ALL-POMP60+CLV lymphocyte count = 1.5x109). This 

suppression is an important factor as WCC suppression is central to ALL management. 

Further, a clear reduction in RCC was observed (albeit not dose proportionate in this instance) 

with visual observations of the ALL-POMP80 mouse show clear pallor indicative of anaemia 

(Figure 3.14). 
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Figure 3.13: Results of full blood examination of mice treated with modified versions of the IAMDF ALL-POMP regimen 
showing dose dependent pancytopenia. (n=1) Platelets measured at x1012 and is not cumulative with y axis title. VEH* 
group (n=5) was not conducted as part of this chapter and details of this group can be seen in Chapter 4. Data presented 
as cell count per litre. Abbreviations: RCC: Red cell count; WCC: White cell count; Seg Neut: Segmented neutrophils; Band 
neut: Banded neutrophils; Lymph: Overall lymphocyte; mono: monocyte; Eosin: Eosinophil; Baso: Basophil.     

Figure 3.14: Visual pallor in ALL-POMP treated mouse, characteristic of 
anaemia: A) ALL80 treated mouse (left) showing signs of pallor at indicated sites 
when compared to VEH treated mouse (right) of same age. A clear distincition in 
size is also evident.   
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3.3.5 Incidental findings in ALL-POMP treated pilot mice show signs of 
systemic toxicity 

 

 

Although the SMDW phenotype is of primary interest, toxicity induced by the 

regimens are also of critical importance. Toxicity levels here need to be comparable to that 

seen in the clinic to ensure proportionality between the dose and effect. The ALL-POMP 

therapy induced several toxic effects in the mouse. Notably, mice treated with 80% or above 

(ALL-POMP80, ALL-POMP100, ALL-POMP80+CLV MTX60, ALL-POMP100+CLV MTX80) all 

began to present with penile and testicular inflammation and swelling and apparent 

nephrotoxicity 474 with 3 of the 4 mice developing solid crystallised urine which remained 

attached to the penis (Figure 3.15A) until removal was conducted with tweezers. These mice 

(≥80% dose) also exhibited considerable blood clotting within the cerebellum with occasional 

clotting within the cerebrum (Figure 3.15B). 6MP and MTX associated hepatotoxicity and 

atrophy was also clearly evident (Figure 3.15C). The pathogenesis behind the observed 

gastrointestinal tract damage, which appeared to be skipping necrotic lesions throughout the 

small and large intestines,  remains unclear (Figure 3.15C&D).  
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Figure 3.15: Observations of systemic toxicity in ALL80 treated mouse. A) Crystallised urine with inflamed penis and testis on day 62 of 
treatment. B) Necropsy observation of blood clots throughout cerebrum and cerebellum C) Gross abdominal image of necropsy showing 
hepatotoxicity (spotty liver) and atrophy, hyperextended stomach with necrotic fundus and body, and necrotic gastrointestinal tract D) 
Removed gastrointestinal tract as shown in panel C, showing extent of necrosis throughout both small and large intestines (indicated by 
arrows).        

A B  

D 

C 
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3.3.6 Incidental findings in BL-CHOP treated pilot mice show signs of 
systemic toxicity 

 

 

Mice treated with the BL-CHOP therapy exhibited a varied array of visual 

manifestations of chemotherapy-induced toxicity with cardio- and hepato-toxicity being most 

notable during necropsy (Figure 3.16A,B). Upon examination of the cranium, clear blood 

spotting on the brain was also evident (Figure 3.16B). As discussed in the previous sections, 

considerable weight loss was also evident in mice that underwent chemotherapy. The BL-

CHOP100 (pictured below in Figure 3.16D) was of no exception. Observationally, all BL-CHOP 

treated mice experienced gastrointestinal distress, with diarrhea being observed from the 

second week of treatment.            
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B 

C 

A 

D 

Figure 3.16: Observations of systemic toxicity in necropsy of BL-CHOP80 treated mice. A) post-mortem 
prosection of liver showing perfuse hepatotoxicity B) blood clotting on the brain C) cardiomyopathy indicated by 
pericarditis like deposits D) considerable failure to thrive and visual palor of BL-CHOP100 treated mouse in 
comparison to its VEH, age matched counterpart.  
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3.4 Discussion 
 

 

Establishing a viable and clinically similar animal model is an essential step to improve 

laboratory research relevancy against clinically orientated problems.  The aim here was to 

develop animal models capable of replicating gold standard paediatric chemotherapeutic 

regimens currently used in the clinical setting. To do this, the IAMDF from Chapter 2 was used 

to identify and alter current gold standard regimens to enable their use in mice. Here, these 

regimens were tested for their veracity and viability. With SMDW being the primary variable 

of interest, loss of muscle mass and function were of key interest. Firstly, changes in weight 

throughout chemotherapy has been used for decades as a rudimentary prognostic factor 483-

486. More recently, weight loss (of 5% or greater) combined with a reduction in BMI (<20 

kg/m2) has also been used to define cachexia 33,152,153,155,  highlighting weight loss as a simple 

yet important macro level observation for diagnosis. As such, mice were monitored daily for 

weight change and caloric intake (together with a suite of general welfare observations; 

S3.2.1.2). Secondly, survivors of chemotherapy have been shown to exhibit considerable 

skeletal muscle dysfunction which endures for life 18,19,22. As such, ex vivo assessment of 

muscle function to assess for this were also completed. Finally, due to the systemic and toxic 

nature of chemotherapy, general toxicity measures were made to assess the suitability of 

selected doses. Combined, these measures across the three pilots showed that: 1) all three 

pilot regimens induced CI-SMDW; 2) The 100% dose of the MB-LCV therapy was viable and 

was thus selected for the confirmation study; 3) Both the ALL-POMP and BL-CHOP regimens, 

induced lethal toxicity at higher dose levels; 4) The BL-CHOP regimen was survived at the 80% 

dose with this dose being selected for the confirmation study; and 5) Multiple dose reductions 

and modifications to the ALL-POMP regimen was required for tolerability to be achieved . This 
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discussion will be limited to outlining the efficacy and clinical similarity (or lack thereof) of the 

pilot studies, the modifications that were required to achieve tolerability, and their suitability 

for use in the next step of the IAMDF confirmatory study.  

 

 

3.4.1 Selection of dose for MB-LCV and BL-CHOP regimen  
 

A decline in nutritional status is a well-established complication of chemotherapy 

treatment; potentially due to nausea related side-effects such as emesis, constipation and 

diarrhea and/or exacerbated inflammatory status, all compounding to reduce the available 

energy and nutrients and supress growth in the paediatric patient 487. Ward et al (amongst 

others) confirm this by showing that together with emesis and constipation, after 

radiotherapy and 2 courses of chemotherapy, paediatric patients undergoing treatment for 

medulloblastoma lost on average 8.2% (range 0–21%) of their pre-diagnosis weight over a 

2.25 year time period 488. Of course, it must be conceded that studies in children are done so 

due to a cancer diagnosis which is absent in most animal models looking at chemotherapy. 

However, the aforementioned sequalae are consistently concomitant with, and exacerbated 

by, chemotherapy suggesting a causal link. This weight-loss induced by cancer and/or 

chemotherapy has been coined cachexia 279. Here, chemotherapy began at week 4 of life 

(corresponding to approximately 10-12 years of age in children, see Chapter 2: Step 7 for 

further discussion of age comparisons between human and mouse)  at 10% of the preferred 

clinically relevant IAMDF dose which resulted in unremarkable changes to the overall 

observable wellbeing of the mice (as visually observed and graded as described in S3.2.1.2) in 

both MB-LCV and BL-CHOP therapies. Acute toxicity was observed (refer Figure 3.9A) in the 

MB10 regimen with 6.3% bodyweight lost over the course of 24 hours post CCNU oral gavage 



142 
 

on day 28, which took 12 days to recover from. This effect was replicated on day 1 of the 

MB100 regimen with the mouse losing 3.8% of body weight over 4 days (Day 1-4), although, 

interestingly, this not seen on the first administration of the drug on day 1 of the 10% regimen 

suggesting a dose dependent relationship (both cumulatively and acutely). Moreover, mice 

exhibited depressed activity and were observed to huddle in the corner of their cage for 

~60min most oral gavage with CCNU – suggesting the nausea experienced in humans 489,490 

was replicated here.  

 

Although the MB10 regimen appears, on the surface, to exact a lesser effect than the 

MB100 dose, an important concept which will be revisited throughout this thesis is the failure 

to thrive, which is considered under the cachexia umbrella 279. Children grow at 

unprecedented rates in their early years with children gaining close to 20% of their body 

weight between the age of 5 to 6 years 491. This growth rate is also seen in mice, who gain 

31.6% between the age of 4 to 5 weeks (VEH treated mice, Figure 3.9F, with age 

approximately comparable to 5-6 years of age in humans). The MB100 mouse, in comparison, 

only grew 0.9% within the same time frame (week 4-5) which equates to a reduction in growth 

of 31%. Even with a considerably reduced dose, the MB10% mouse grew only 19% between 

4 and 12 weeks of age, a difference of 78% when compared to VEH. This failure to thrive at 

the start of life occurred without any observable signs of distress (observational data) and 

survival achieved. These observations highlight that even though growth continued,  a 

considerable suppression of growth was sustained throughout MB-LCV chemotherapy at both 

the 10% and 100% doses which is similar to that which is seen clinically in paediatric patients 

treated for MB-LCV 488,492. These adverse effects were mostly mirrored in the BL-CHOP 
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therapy (refer Figure 3.9B) with the BL-CHOP10 mouse gaining only 9% body weight in the 

first week of chemotherapy (Day 1-7 of therapy and week 4 to 5 of life) and 48% over the first 

8 week course of chemotherapy (48% less than VEH). At the 100% dose, the mouse failed to 

achieve a net weight gain over the course of the therapy;  which is similar to the growth 

patterns seen in paediatric patients receiving anti-lymphoma chemotherapy 493,494. Due to 

toxicity ultimately inducing death at day 52 of the BL-CHOP100 regimen, the dose of 

chemotherapeutics were reduced by 20% as a 10% reduction was unlikely to be viable. 

Surprisingly, with only a 20% dose reduction, the BL-CHOP80 closely mirrored the BL-CHOP10 

dose with only an approximate 5% difference in net weight gain (as measured by total area 

under the curve: refer Figure 3.9B).  

 

Although cachexia is often an underlying cause of morbidity and mortality in patients 

152,154,279, the loss of skeletal muscle mass and function is often the cause of the long term 

morbidity that is so often seen in chemotherapy survivors 19,20,93,94. Although the exact 

mechanism behind these dysfunctions are not entirely known, it is speculated that 

chemotherapy-induced peripheral neuropathy is a major underlying cause 11,495,496. 

Moreover, similarities between chemotherapy-induced neuropathy and neuropathies seen in 

diabetes mellitus or alcohol induced neuropathies have been drawn, as these neuropathies 

also result in sustained abolition of both muscle function and restorative capacity 496; a 

pathological similarity which will become more important in later chapters. Here, both 

regimens were observed to induce varying levels of skeletal muscle dysfunction (refer Figure 

3.12). EDL muscle from the MB100% mouse recorded a 67% reduction in force output over 

the course of 180 seconds (a further 14% drop compared to CON) (refer Figure 3.12).  Contrary 
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to expectation, after the 60-minute recovery, force output of the MB100 muscle trailed pre-

fatigue force by 81% – whereas the control was observed to completely recover. Similar 

dysfunction was also noted in the BL-CHOP100 mouse muscle with a 64% reduction in force 

output over the course of 180 seconds (a further 11.26% drop compared to CON) (refer Figure 

3.12). Surprisingly, the BL-CHOP100 muscle failed to recover at all during the recovery phase, 

consistently losing force throughout the recovery period until no force was produced at the 

60min mark suggesting complete failure of the muscles contractile apparatus.     

Chemotherapy-induced cachexia and a failure to thrive in children is often 

underpinned by failure of both hyperplastic and hypertrophic muscular growth 497, which is 

also the case in juvenile mice 498. The observations seen here in response to chemotherapy 

can be rudimentarily interpreted as the failure of lean mass growth, rather than muscle loss 

due to a wasting or atrophic mechanism. Although measurements of mouse organs and 

tissues were made to confirm this hypothesis, due to singular mice being used, variability was 

high, and no conclusive deductions could be made from these measurements. A failure which 

is rectified in later chapters where greater numbers are used. Nevertheless, the reduction in 

food consumption which was proportionate to chemotherapy dose (Figure 3.11) suggests 

that weight-loss may have been due to lowered caloric intake, though the accuracy of this will 

be investigated further in later regimen specific chapters. These across the board reductions 

in muscle strength, fatiguability and recovery combined with considerable weight loss 

accurately depicts the SMDW phenotype seen in children within the clinical setting and, as 

such, both the MB100 and BL-CHOP80 regimens were selected for the confirmation study.   
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3.4.2 ALL-POMP pilot successes and failures    
 

Due to the normal proliferative nature of lymphoblastic cells within the bone marrow, 

and the near systemic distribution of them throughout the body, chemotherapeutic regimens 

used to combat the condition are both enduring and intensive. Although impressive survival 

rates are seen with the selected regimen in human paediatric patients (91%) 322, considerable 

toxicity is also observed; including pancreatic and gastrointestinal dysfunction, coagulation 

abnormalities and persistent and recurrent infections 322. Here, 10% of the clinically relevant 

dose was well tolerated with no significant signs of toxicity being noted. The mouse also 

gained 56.7% of its original body weight (refer Figure 3.9C) although failure to thrive was 

clearly evident when compared to VEH treated mice, which gained on average 92% of starting 

weight over the course of the 8-week treatment period – a difference of ~35%. With the 

survival of the ALL-POMP10 regimen achieved, doses were increased to 100% (and 

subsequently reduced to 80%) which resulted in lethal toxicity, considerable reduction in 

growth rates (Figure 3.9C) and indications of nephrotoxicity and acute kidney injury. In fact, 

toxicity of this regimen created considerable difficulties in establishing the protocols viability. 

Considerable research was undertaken to ascertain where the toxicity was being created to 

modify the regimen to improve toxicity. Previous observations in MTX treated patients 

showed that the MTX treatment induced nephrotoxicity due to the crystallisation of MTX 

within the kidneys; which served to explain the crystallised excretions seen in patients 474 and 

which were seen here in MTX treated pilot mice (Figure 3.15A). This likely exacerbated the 

dehydration status of the mice leading to lower renal output, further reducing renal clearance 

of MTX and thus intensifying its toxicity and crystallisation. To counter the described MTX 

kidney injury, the regimen was adapted to include calcium leucovorin recovery and added 
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hydration through watered-down feed which (increased hydration) is in accordance with 

clinical practice 474,499-502. Unfortunately, these trials were not survived, though the 20% 

reduction in dose (from ALL-POMP100 to ALL-POMP80) increased lifespan by 34%, and 

increased growth rates by 8% from Day 1 through 39 (Figure 3.9C).  

  

With the added regimen modifications and newfound understanding of high dose 

MTX therapy in mice, ALL-POMP100 and ALL-POMP80 doses were re-attempted with the 

addition of the CLV recovery and PRED taper protocols. MTX dose was then reduced by a 

further 20% for each regimen. With the addition of CLV, and the reduction in both 6MP and 

MTX doses, total growth between days 1-39 were comparable between ALL-POMP10 and ALL-

POMP100+CLV MTX80 suggesting the majority of regimen toxicity lay with these agents (refer 

Figure 3.10). Ultimately, due to time constraints, ALL-POMP doses were reduced to 60%, 50% 

and 40% in a final pilot run to ensure a successfully completed ALL-POMP pilot was achieved. 

All three pilots at these doses were tolerated indicating that the ALL-POMP60+CLV (with once 

daily 6MP and 7-day PRED taper) was the most viable option for this regimen. Interestingly, 

the presence of schistocytes in the peripheral blood smears of the ALL-POMP60, 50 and 40 

mice lends to support the MTX-induced acute kidney injury hypothesis as schistocytes are 

characteristic of haemolytic anaemia which can indirectly result from acute kidney injury 

503,504. Additionally, the high presence of reticulocytes (indicated by Howell-Jolly bodies 

described in S3.3.4) further supports this theory. An interesting finding in the ALL-POMP 

necropsy (Figure 3.15) was evidence of clotting on the brain which could be interpreted as a 

complication of acute kidney injury, namely thrombotic microangiopathy, which is commonly 

associated with thrombocytopenia, kidney injury and anaemia 505; all of which were seen 
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here. Although functional muscle data was not obtained from these mice, data from the ALL-

POMP100 treated mouse suggests the agents used induced skeletal muscle dysfunction 

(Figure 3.12). The EDL muscle from the ALL-POMP100 mouse was unable to recover after the 

fatigue and recovery protocol was administered, exhibiting a 43% decline in force output (a -

64.5% difference when compared to CON). Although it is possible that the additions of CLV, 

and the reductions in 6MP may reduce the dysfunction seen, this is speculative at best and is 

unlikely. Longitudinal studies looking at survivors of paediatric ALL show a decline in both 

strength 19 and a greatly increased rate of fatigue 18,93 long after the cancer survived and the 

treatment ended 144. These studies looked at varying regimens including those that comprised 

an MTX+CLV recovery, which led to the hypothesis that the addition of CLV is not protective 

against skeletal muscle dysfunction and that the ALL-POMP60+CLV regimen would indeed 

induce a SMDW phenotype. 

 

It was important to ascertain that even with reductions in dose, the ALL-POMP 

regimen could still sufficiently ablate lymphoid cells. Blood investigations into this ability 

(Figure 3.13) showed that for treatment at 60% of the ALL-POMP IAMDF clinically relevant 

dose, lymphocyte populations were more than halved (lymphocyte count: VEH 3.62x109.L-1, 

ALL-POMP60+CLV 1.50x109.L-1). Although 60% was the highest survivable dose, the red cell 

count (VEH 10.86x109.L-1, ALL-POMP60+CLV 2.36x109.L-1) and platelet count (VEH 1.16x1012.L-

1, ALL-POMP60+CLV 0.25x1012.L-1) in the 60% regimen were both reduced by 78% when 

compared to VEH. Considering the ALL-POMP50+CLV dose did not suffer from such significant 

RCC suppression (7.45x109.L-1, a 32% reduction) or platelet suppression (1.11x109.L-1, a 4% 

reduction), this dose level may be more viable for future investigations if further supportive 
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therapies are not included (such as blood product transfusions). It must be considered, 

however, that the addition of such supportive therapies greatly increases both cost and 

labour for the study and is the primary reason why they were not included in these pilots. 

Both packed RCC and fresh frozen plasma transfusions are used as supportive therapies in the 

IAMDF selected regimen in humans, as well as renal dialysis if required 322. As these 

supportive therapies were not used here in mice, it is reasonable to suggest that this is one 

of the major reasons why the dose was required to be reduced to the level it was, and that 

the calcium leucovorin recovery was required to improve MTX tolerability.    

 

 

 

3.5 Chapter Summary 
 

 

The IAMDF proved a viable process in which gold standard interventions were adapted 

for investigations in mice. Using this method, the clinically relevant dose of the MB-LCV 

regimen, and 80% of the BL-CHOP regimens were well tolerated. These doses also successfully 

induced the CI-SMDW phenotype which is central to the purpose of these investigations. 

Limitations in the application of the framework also presented themselves in that, for 

example, the efficacy of regimen replication in mice can be dependent on the laboratory’s 

ability to replicate the supportive therapies co-administered within the clinic. Although these 

supportive therapies are mainly geared towards improving survivability, the implication of 

not offering these therapies would likely impede the accurate replication of the chosen 

intervention. As a result of this, and due to the lack of available resources and time to 
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appropriately modify the regimen to include these supports, the IMADF derived ALL-POMP 

regimen was not continued to the confirmation phase of the framework. However, the ALL-

POMP60% regimen is a viable regimen which appropriately replicates the CI-SMDW 

phenotype in mice. Any future studies into CI-SMDW within the ALL-POMP pathology and 

treatment should consider using the ALL-POMP regimen outlined herein – with or without 

additive supportive therapies. The BL-CHOP80 and MB100 regimens both presented as viable. 

As such, both will be investigated in more depth within the following chapters.       
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Chapter 4 

Investigation of CI-SMDW Induced by MB-
Indicated LCV Therapy in Juvenile Mice 
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4.1 Introduction 
 

 

Current treatment regimens for paediatric medulloblastoma offer greater than 70% 

of children long-term survival against this otherwise lethal disease 506. Chemotherapy is a 

frontline treatment against medulloblastoma 507, however, is not without toxicity. Cranial-

targeting chemotherapeutics are often linked to neurological toxicity (both peripheral and 

central) 140,328,473, with long-term sequalae including severe intellectual disability and 

truncated childhood physical development 508. Chemotherapy-induced neuropathy, a 

characteristic feature of medulloblastoma chemotherapy 509, has been shown to impair 

muscle development in the growing child 18,510. These neuropathies also lead to motor skill 

impairment 511,512, and the degree of chemotherapy-induced impairment is thought to 

escalate with younger intervention in children 513. Unfortunately, chemotherapy-induced 

neuropathy and SMDW is not unique to medulloblastoma therapy.  

We have previously established that 2 weeks of individual chemotherapy (oxaliplatin) 

administration induces skeletal muscle wasting, through mitochondrial impairment, excessive 

ROS production and subsequent inhibition of protein synthesis in 12 week old mice 159,160,272. 

In Chapter 3, we further established in pilot models that IAMDF-modified gold standard 

combination-chemotherapy regimens used against common paediatric cancers – namely MB-

LCV, ALL-POMP and BL-CHOP – all induced some level of SMDW and mitochondrial 

impairment. Since healthy mitochondrial function underpins muscle performance due to a 

key role in energy production and by regulation of life sustaining cellular functions through 

ROS signalling, a failure of energy homeostasis could explain the SMDW observed in 

paediatric patients following chemotherapy.  We, and others have shown that various other 
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chemotherapeutic agents (e.g. doxorubicin and cyclophosphamide) disrupt mitochondrial 

function in both cell lines and in rodents 110-112,163,239,254,277,514. Important work by Talvensaari 

et al. 22 showed that long-term survivors of childhood chemotherapy not only manifested 

declines in muscle mass, strength and endurance capacity, but were also at a significantly 

higher risk of developing metabolic syndrome later in life, and that this was closely linked to 

mitochondrial dysfunction 515-520. Further, when radio- and chemo-therapy were used 

together against childhood brain cancer, considerable declines in physical and intellectual 

performance were observed, which greatly hindered patients’ ability to live independently 

509. However, the underlying mechanisms causing these sequalae are not well understood 

since chemotherapy cannot be investigated independent of cancer and other anti-cancer 

interventions in humans.  

Animal models provide the opportunity to investigate the direct effects of 

chemotherapeutic agents without conflicting variables. However, models which allow 

appropriate clinical similarity between animal and human treatments have not been 

established prior to this study, mainly due to the difficulties associated with required human-

to-mouse drug dose conversions, modifications in administration methods, and considerable 

labour associated with regimen delivery (as described in the previous chapters). Here, a gold 

standard medulloblastoma chemotherapeutic regimen (LCV), using lomustine (CCNU), 

cisplatin (CDDP) and vincristine (VCR), has been modified for use in animals to investigate the 

effect of the therapy on the skeletal muscle of juvenile mice as previously described in 

Chapter 2. With the IAMDF-modified MB-LCV regimen having been established and validated 

in Chapter 2, the aim of this chapter and study was to: 1) further authenticate the MB-LCV 

animal model as clinically relevant by showing that IAMDF-modified LCV administration in 

young mice induces SMDW, which endures over the lifespan; 2) investigate the underlying 
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mechanisms of MB-LCV-induced SMDW through in vivo and ex vivo skeletal muscle structure 

and function analyses and; 3) interrogate the role of the mitochondria in the molecular 

regulation of SMDW using ex vivo extracellular flux analysis. We hypothesise that CI-SMDW 

is instigated by administration of MB-LCV to juvenile mice and is endured throughout the 

lifespan. We also hypothesise that CI-SMDW is, at least in part, underpinned by mitochondrial 

dysfunction.  

   

 

 

4.2 Method 
 

Methods were performed as described in Chapter 3 unless otherwise stated below. 

Methods performed in addition to those described in Chapter 3 are described herein.  

 

 

4.2.1 Animals 
 

 

Animal experimentation was performed as outlined in Chapter 3: Pilot, and only 

animal numbers differed in the current study. In this study, 34 mice began treatment housed 

in cages of five (with one group of four) with group names, numbers and associated cull points 

outlined in Table 4.1. Fourteen MB-LCV treated mice were culled on the last day of the 

regimen (D56 of treatment/D84 of life), with the remaining 20 culled at week 30 of life.  Sixty 

mice were treated with the VEH regimen as outlined in S4.2.1.2, with 35 mice being culled at 

D56/D84 of life and the remainder culled at 30 weeks of age. These time points were chosen 
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to replicate key post-chemotherapy timeframes in humans, namely adolescence (15-18 in 

human years) and pre-sarcopenic adulthood (30-40 human) 436.  

 

A power analysis to determine the appropriate sample size could not be reliably 

completed as there are no previous studies to base the expected effect size on. Although we 

hypothesised a negative impact on mouse survival, well-being and skeletal muscle function 

and mass, the effects of individual drugs can vary greatly from patient to patient and we 

expected this to occur in the mouse model as well. Other studies investigating chemotherapy 

regimens in rodents (including previous studies by us 1,159,160,272,421-423) have used group 

numbers of 10-12 to observe differences in lean muscle mass and body weight 

measurements. However, the duration of these studies was far less than the 8-week clinically 

equivalent chemotherapy regimen performed in the current study. Due to the nature of 

chemotherapy, and considering that: (1) over 70% of childhood cancer survivors develop a 

severe secondary chronic illness during their lifespan; and (2) balb/c mice are naturally more 

inclined to develop cancer later in life; we increased the sample size in all groups to account 

for these variables. As such, we sampled a minimum n =15 for each treatment group.  

 

Table 4.1: Group names and animal numbers with associated cull points 

Group n to 12 weeks of age n to 30 weeks of age 

MB-LCV 34 20 

VEH 60 25 
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4.2.1.1 Chemotherapy summary 
 

 

Following from the success of the MB-LCV pilot study, the 100% IAMDF dosing 

schedule was used in this study as outlined below. For more information on how this dose 

was derived, refer to Chapters 2 and 3. Treatments herein were adapted from the Children’s 

Cancer Group, study number: CCG-9892 by Packer et al 124. 

 

 

Table 4.2: Drug names, delivery modes and doses for selected medulloblastoma-indicated regimen 

 Drug Mode of delivery Delivery times Dose per delivery Total daily dose Days delivered per 
regimen 

Lomustine (CCNU) Oral gavage 7-9am + 1-3pm 11.07 mg/kg 22.14 mg/kg 1 

Cisplatin (CDDP) Intraperitoneal 
injection 

7-9am + 1-3pm 11.07 mg/kg 22.14 mg/kg 2 

Vincristine (VCR) Intraperitoneal 
injection 

7-9am + 1-3pm 0.22 mg/kg 0.44 mg/kg 2,7,14 

 

 

 

 

 

 

Figure 4.1: MB-LCV regimen outline. Days indicate age of life of treated mice with bracketed numbers indicating days of 
treatment for the second round of therapy. 
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4.2.1.2 Vehicle regimen 
 

 

Due to the complexity of the project and lack of resources (human, financial and time) 

it was necessary to develop a vehicle group with the capability to be used for all three 

regimens; ALL-POMP, MB-LCV and BL-CHOP. Although a vehicle group which exactly 

replicated each of the treatments, their vehicles and modes of administration for each of the 

regimens investigated in this PhD would have been ideal, this was not realistically possible 

with our limitations. As the ALL-POMP regimen was considered the most intensive – due to 

the daily oral gavage for 80 days, thrice weekly injections for the first course and once weekly 

for the second – it was considered that if any effects were to be seen due to vehicle 

substances and/or the stress of manual handling and treatment methods, they would 

manifest greatest in the ALL-POMP regimen. Therefore, the ALL-POMP regimen served as the 

basis for the VEH regimen used throughout this project. It should then be considered that 

some, more minor effects of the MB-LCV and BL-CHOP regimens, could have been masked by 

the severity of the VEH regimen.   

 

 

 

4.2.2 Analytical methods 
 

Analytical Methods were performed as outlined in Chapter 3, with the addition of 

the following methods:  
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4.2.2.1 Intraperitoneal glucose tolerance test (IPGTT)  
 

Studies have demonstrated that metabolic syndrome regularly occurs in adults who 

were treated with chemotherapy during childhood 521-524, and for this reason, we investigated 

glucose homeostasis/regulation in mice. To do this, we utilised a standard IPGTT protocol 525. 

Mice were removed from cages and weighed before topical analgesic cream (25mg.g-1 

lignocaine, 25mg.g-1 prilocaine) was applied liberally to their tails. After 30min, 1-2mm of the 

end of the tail was removed from each mouse with surgical scissors and a blood glucose 

reading taken to establish baseline blood glucose levels. Mice were then immediately injected 

with a 45% glucose solution (D-(+)-Glucose solution 45% in H2O, Sigma-Aldrich) at 2.2µl.g-1 

body weight, to achieve a 1g.g-1 dose. Following the glucose injection, blood glucose levels 

were measured by re-opening the tail wound and taking blood glucose readings at 5, 15, 30, 

45, 60, 90, and 120 minutes. Base readings and injections were staggered to allow 10 mice to 

be completed by one operator within 3 hours.  An Accu-Chek® Guide glucometer and Accu-

Chek® Guide test strips were used to measure blood glucose.     

 

  

 

4.2.2.2 Grip strength 
 

 

In the clinical setting, patient grip strength is often measured using a hand-held 

dynameter. To parallel this measure in mice, an isometric force transducer (Research Grade 

60-2999, Harvard Apparatus, South Natich, MA) was engineered to enable attachment of a 

mouse-friendly grip platform; allowing a mouse to hold on to the mesh with its fore and hind 
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paws (refer Figure 4.2A). Afterwards, a calibration with weights of known mass was 

conducted. During testing, the tail of the mouse was gently pulled in the horizontal plane until 

the pulling force overcame the mouse’s ability to hold onto the mesh. The force at which the 

mouse let go was recorded as maximum grip strength obtained by the mouse. Data was 

recorded using LabChart Pro 8 software (AD Instruments) with an example force/time trace 

presented in Figure 4.2B. This was repeated five times per mouse and the average of the 

replicates was determined and expressed relative to body weight.  

 

 

 

 

  

Mesh ‘grip’ 
platform attached 
to force transducer 

Grip platform 
attached to retort 
stand which is 
fixed to bench 

Figure 4.2: A) Custom-built grip strength assembly used to measure mouse grip strength B) Example LabChart trace of recorded force 
output by mouse over time where: 1) increasing pulling force applied to mouse’s tale 2) the point at which the mouse loses grip with 
hind limbs, resulting in the body being stretched out and the force transferred to the mouse’s front paws 3 ) the point that the pulling 
force overcomes the mouse’s front paw strength.  

1 

3 

2 

A 
B 
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4.2.2.3 Micro-computed tomography  
 

  

Micro-computed tomography (µCT) is the gold standard imaging modality using in 

body composition and soft tissue pathology investigations 127,378,426,526. As lean mass loss is a 

clear sequalae of CI-SMDW, assessing whether or not chemotherapy reduces skeletal muscle 

mass or quality through increased intra-muscular fat or connective tissue. To do this, the hind 

left limb was harvested from anaesthetised mice (as described in Chapter 3, S3.2.2) by 

amputating the leg proximal to the knee joint. Hind-limbs were prepared using previously 

described protocols 378,527. Briefly, limbs were skinned and fixed in 10% neutral-buffered 

formalin (HT501128-4L, Sigma) for 24 hours at room temperature before being blotted clean 

with 1x phosphate buffer solution and stored in 60% ethanol at 4oC. Multiple trial formulations 

and staining times were used to derive an optimal staining protocol (as described below in 

S4.2.2.3.1). Ultimately, samples were stained in Na2WO4 dissolved in DiH2O at a 50% w/v 

concentration for 48 hours prior to imaging. Samples were removed from original storage 

tubes and scanned in 2ml 0.5mm Eppendorf tubes. Samples were imaged using the Skyscan 

1272 (Bruker, Belgium), NRecon software (v1.7.4.2, Bruker, Belgium) and CT Vox (V3.3.0 

r1403, 64bit, Bruker, Belgium). The scanning parameters were 9µm pixel size, 50 kV, 200uA, 

0.4o step with 450 projections at 1450ms exposure using a 0.5 mm Al filter. Images were 

assembled in NRecon using 5.0 post alignment compensation, 20% beam-hardening and level 

7 ring artefact reduction. Although samples were stained as above, samples were 

unfortunately overstained and 3D volumetric analysis using various software were unable to 

differentiate between the different tissue types of the hind limb, namely fat, muscle or bone. 

As such, a new method of analysis was developed by us where the proximal level of the 

calculated 1/3 of the tibia was selected as a landmark for analysis. Cross sectional area of the 
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musculature was measured at this station and at stations 1mm above and below. These 

results were then combined, together with the distance between the points, to give a 

measure of muscular volume (see Figure 4.3).            

 

 

 

 

 

4.2.2.3.1 Micro-computed tomography trials  
 

Trials to derive optimal staining protocols were completed on limbs from pilot mice 

obtained from Chapter 3 and are described in Table 4.3. Imaging was performed as described 

Figure 4.3: Visual representation of µCT volumetric analysis method. Mouse hind limb’s were imaged using Skyscanner 1272 imaging 
system and 3-dimensially reconstructed using NRecon and CTVox to identify the location of the proximal 1/3 of the tibia. CT slices from this 
location and 1mm above and below were extracted for extrapolation of muscle volume in this area by manually measuring the cross-
sectional area of muscle in each slice and calculating volume.  
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in the previous section. A trial was considered successful if the staining agent completely 

penetrated and stained all soft tissue (complete muscular penetration through to the bone). 

Importantly, the stain was required to be of a lower density than that of bone for clear 

differentiation to be achieved. This was achieved during the final trial.  

 

 

 

Table 4.3: Micro-CT contrast staining protocols outlining staining agent, concentration and staining time using imaging 
parameters outlined in S4.2.2.3.  

Trial/Study Staining agent  Staining 

solution 

Stain 

time 

Resulting contrast 

Trial 1 Phosphotungstic 

acid (PTA) 

1% w/v 

in 

DiH2O 

24 

hours 
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Trial 2 Phosphotungstic 

acid (PTA) 

1% w/v 

in 

DiH2O 

7 days 

 

Trial 3 Phosphotungstic 

acid (PTA) 

5% w/v 

in 

DiH2O 

9days 

 

Trial 4 Sodium 

Tungstate 

(Na2WO4) 

25% 

w/v in 

DiH2O 

48hours 
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Trial 5 Sodium 

Tungstate 

(Na2WO4) 

25% 

w/v in 

DiH2O 

72hours 

 

Trial 6 Sodium 

Tungstate 

(Na2WO4) 

50% 

w/v in 

DiH2O 

48 

hours 

 

Main 

Study 

Sodium 

Tungstate 

(Na2WO4) 

50% 

w/v in 

DiH2O 

48 

hours 
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4.2.2.4 Histological analysis 
 

The TA muscles were excised from mice whilst under general anaesthesia as described 

in Chapter 3, S3.2.3.1. Immediately after excision, muscles were coated in optimal cutting 

temperature (OCT) compound, snap frozen in liquid nitrogen-chilled isopentane (Sigma 

Aldrich, Australia) and stored at -80oC for future analysis. Frozen OCT compound embedded 

TA muscles were cryo-sectioned mid-belly (10μm). Haematoxylin and eosin (H&E) staining 

was completed as previously described by us 159 to measure muscle fibre area and fibre size 

distribution. This was done using a standard H&E staining protocol (30s incubation in 

haematoxylin and 1m 45s incubation with eosin) and mounted with Dibutylphthalate 

Polystyrene Xylene (DPX, Sigma Aldrich, Australia). Images of all sections were taken using a 

Zeiss Axio Imager Z2 microscope (Carl Zeiss MicroImaging GmbG, Germany) at 10x and 200x. 

Images of the TA were taken from the most anterior, middle and most posterior areas of each 

histological section (due to localisation of differing fibre types in different areas of the muscle 

528,529).  

Fibre size frequency distribution analysis was completed by manually outlining fibres 

(at least 200 fibres or all fibres on the image) using an imaging computer, stylus and ImageJ 

software (v1.52k, National Institute of Health, USA).   

As the EDL and SOL muscles were used in the contractile functional analysis, the EDL 

and SOL muscles from the contralateral limb would have been preferred for histological 

analysis over the TA muscle. However, due to the contralateral limb being excised in whole 

for µCT analysis, another muscle for histological analysis was needed. The TA was chosen for 

H&E analysis as the greatest effects induced by the chemotherapy regimens were seen in the 

fast twitch EDL muscles (see Chapter 3, S3.3.3 and S4.3.7 below). Moreover, the TA is 
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commonly used for histological analysis due to its size, enabling a large number of fibres to 

be analyses for fibre size distribution. As such, the TA muscle from the same leg as the EDL 

and SOL muscles used in the contractile analysis was selected as the TA muscle contains 

predominantly fast-twitch fibres, which is similar to that of the EDL muscle.    

 

 

 

4.2.2.5 Assessment of mitochondrial function 
 

 

 

4.2.2.5.1 Flexor digitorum brevis excision  
 

Following confirmed anesthesia, a small incision was made down the lateral side of 

both feet through which the skin of the plantar section of the foot could be removed, exposing 

the flexor digitorum brevis m. (FDB), which was then removed. FDB muscles were placed in 

warmed dissociation media (DSM, refer Table 4.4 for details) and incubated for 95min at 5.0% 

CO2 at 37oC.  
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Table 4.4: Solutions used in the isolation of FDB fibres, their abbreviations and their components.                                                                                                                                  

 

 

 

 

4.2.2.5.2 Isolated fiber preparation of the Flexor Digitorum Brevis muscle 
 

After incubation in DSM, the muscles were washed in incubation media (IM, refer 

Table 4.4 for details) and triturated with pipettes of decreasing size (no greater than 10 passes 

per muscle) to dissociate fibres from connective tissue. All tissue other than muscle fibres 

were manually removed under a light microscope (refer Figure 4.4). After fibre isolation, a 

volume not exceeding 160µL of the remaining solution was added to 3 separate Matrigel 

coated wells of a 24 well cell culture plate (Seahorse Bioscience, XF24 cell culture plate, refer 

Table 4.6 for layout used) for Seahorse analysis of mitochondrial function. Fibres were plated 

Solution Component Amount 
Dissociation Media (DSM) DMEM (Gibco, no phenol red) To total volume required 

 Fetal bovine serum (FBS) 2.0% of total volume 
 Gentamicin Solution (Gibco, 

50μg/mL) 
0.1% of total volume 

 Collagenase A (Gibco, 4mg/ml) 5.0% of total volume 
    

Incubation Media (IM) DMEM (Gibco, no phenol red) To total volume required 
 FBS 2.0% of total volume 
 Gentamicin Solution (Gibco, 

50μg/mL) 
0.1% of total volume 

   
Measurement Buffer  (Total 

volume 1000ml) 
NaCl (58.44g/mol) 

 
7.01 g 

pH = 7.4 KCl (74.55 g/mol) 0.26 g 
 CaCl2 (110.98 g/mol) 0.144 g 
 KH2PO4 (136.08 g/mol) 0.54 g 

 MgCl2 (203.3 g/mol) 0.2 g 

 HEPES (238.3 g/mol) 1.2 g 

 D-Glucose (180.15 g/mol) 0.45 g 

 L-Carnitine (161.19 g/mol) 0.081 g 
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to ~60% confluency and allowed to adhere for 30min.  After adherence had occurred, well 

volume was increased to a total of 180µL/well and returned to the incubator (37oC, 5.0% CO2). 

Once isolated FDB fibres of all animals from each treatment group (where no group exceeded 

n=5) were plated and fibre adherence to the plate was achieved, the plate was incubated 

overnight to allow cellular equilibration and stabilisation. 

 

 

 

 

 

4.2.2.5.3 Seahorse mitochondrial performance analysis of isolated FDB fibres 
 

After overnight adherence, fibres were washed using protocol previously described by 

us 112 (and as described in Table 4.5) with care taken not to disturb or remove any fibres and 

then re-incubated for 2 hours (37oC, 0% CO2). During the incubation period the sensor 

Figure 4.4: (A) Isolation process of FDB fibres and fibre bundles and the removal of cellular debris, such 
as tendons, connective tissue and circulatory vessels (Blue arrows indicate examples of desired FDB 
muscle fibres, red arrows indicate examples of cellular debris which was removed. Note: not all fibres and 
cellular debris is indicated in the image). (B) Visual representation of isolated single muscle fibres from the 
flexor digitorum brevis: Brightfield photo taken on Olympus IX-81 inverted fluorescence microscope       

A B 
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cartridge (Seahorse Bioscience, XF24 Sensor Cartridge) was prepared as per Table 4.6 and the 

XF24 analyser was calibrated using the standard calibration procedure described by Seahorse 

Bioscience 530. After the incubation period the fibres were analysed using the XF24 analyser 

with the protocol outlined in Table 4.7.  

Through the coordinated addition of partial and complete mitochondrial inhibitor and 

stimulant compounds, a metabolic profile of the muscle fibres within each well can be 

produced (see Figure 4.5 for visual representation). First, measurement of basal oxygen 

consumption rate (OCR) is measured after the wells (and fibres) equilibrate to the 

environment and the solution mixed. Through repeated mixing and measurement cycles, the 

rate of O2 consumption and CO2 production in the microchamber created between the fibres 

and the probe sensors is determined. Oligomycin, once injected, inhibits ATP synthase 

(complex V) within the mitochondria, therefore inhibiting oxidative ATP synthesis, causing a 

rapid decline in O2 consumption and corresponding increase in anaerobic glycolytic ATP 

production as measured through extracellular acidification. Next, carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone, or FCCP, is injected which disrupts the mitochondrial 

membrane potential (ΔΨ) driving maximal O2 consumption (maximal respiration). Finally, 

Antimycin A is injected into the wells which acts as a potent inhibitor of complex III to inhibit 

electron transport and all mitochondrial associated respiration (O2 consumption), allowing 

non-mitochondrial respiration driven by other cellular organelles and processes to be 

measured.  
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Table 4.5: Washing procedure used prior to Seahorse analysis for isolated fibres. 

Procedure Total volume remaining in well 
1. Remove 105µL of solution from 

wells 
75µL 

2. Add 1000µL of pre-warmed 
measurement buffer to wells 

1075µL 

3. Remove 1000µL of pre-warmed 
measurement buffer to well 

75µL 

4. Add 600μL of pre-warmed 
measurement buffer to wells 

675µL 

 

 

 

 

Table 4.6: XF24 Sensor cartridge layout and corresponding stimulant/inhibitor solutions used for FDB 
isolated fibre metabolism performance analysis. 

Port Solution Volume per port 

A 
2µg/mL Oligomycin (Seahorse 
Bioscience) in measurement 

buffer 
75µL 

B 
400nM FCCP (Seahorse 

Bioscience) in 10mM Sodium 
Pyruvate (Gibco) 

83µL 

C 
1µM Antimycin A (Seahorse 

Bioscience) in MB 92µL 

D Nil Nil 
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Table 4.7: Outline of the protocol used for analysis of FDB isolated fibres using the XF24 Analyser. Where S= 
standard operating time. ‘Loop Start 3x’ indicates procedures between loop start and loop end are to be 
completed in sequential order before being repeated an additional two times.  

Command Time (min) Port 
Calibrate S  

Equilibrate S  
Loop Start 3X  

Mix 3  
Wait 2  

Measure 3  
Loop End NA  

Inject NA A 
Loop Start 3X  

Mix 3  
Wait 2  

Measure 3  
Loop End NA  

Inject NA B 
Loop Start 3X  

Mix 3  
Wait 2  

Measure 3  
Loop End NA  

Inject NA C 
Loop Start 3X  

Mix 3  
Wait 2  

Measure 3  
End NA  
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Figure 4.5: (A) Visual representation of the sequence of injection and effect of stimulants and inhibitors on mitochondrial 
respiration (oxygen consumption rate). Image modified from Agilent Technologies Seahorse User Guide 498. (B) Visual representation 
of the Electron Transport Chain within the mitochondria and targets of the mitochondrial stimulants/inhibitors used in the Seahorse 
mitochondrial function assay. Image modified from Agilent Technologies 498.  

A 

B 
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4.2.2.6 Statistical analysis 
 

531Statistical analysis was performed on Graphpad Prism 7 software.  One-way analysis 

of variance (ANOVA) with Tukey’s post hoc test was used to assess statistical differences at 

specific time-point measures; such as grip strength, muscle contractile and mitochondrial 

parameters. Repeated measures ANOVA with Tukey’s post hoc test was used to assess 

statistical differences in longitudinal data sets; such as changes in day-by-day body weight 

and food intake, muscle fatigue and recovery data sets and longitudinal µ-CT analysis of 

muscle volume. An α value of 0.05 was considered statistically significant. Data is presented 

as mean ± standard deviation (unless otherwise stated). IPGTT and survival rate measures 

were analysed using a two-way ANOVA. Geisser-Greenhouse correction and Sidak’s multiple 

comparison test were used post-hoc for IPGTT analysis, and the Log-rank (Mantel-Cox) test 

and Gehan-Breslow-Wilcoxon tests were used post-hoc for survival rate analysis. All tests 

were performed using GraphPad Prism (V8.4.3). 
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4.3 Results 
 

 

4.3.1 MB-LCV therapy has no adverse effects on survival  
 

 

  Survival and 5-year event-free-survival rates are often used as key indicators of a 

chemotherapy regimens success against a cancer 338-341,532,533. Here, survival rates were 

determined as a measure of toxicity and lethality which can be solely attributed to the 

chemotherapy.  Of the 34 mice that received the MB-LCV regimen, 100% survived the 

duration of the regimen and all survived through to 30-weeks of life (Figure 4.6). One lethal 

idiopathic incident was recorded in the VEH treated group. Blinded necropsies (Cerberus 

Laboratory Animal Diagnostics, Melbourne, Australia) returned no significant 

histopathological or clinical findings in the 12-week MB-LCV treated mice. Interestingly, three 

of the five 30-week-old MB-LCV treated mice, presented with moderate-high neutrophil 

counts and two of the five presented with mild multifocal interstitial lymphoplasmacytic 

infiltrate and scattered cortical basophilic tubules within the kidneys (suggestive of 

regenerative change; see Table 4.8).  A well-circumscribed, subcutaneous haemorrhage in the 

right axilla and lateral flank adipose tissue of one of the 30-week mice was also described; 

however, this was thought to be acute in nature and idiopathic. No other remarkable findings 

were described for this group.      
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Figure 4.6: MB-LCV therapy survival over 30-week chemotherapy administration was 
unchanged from VEH. VEH n = 60 <12 weeks, n = 25 >12weeks with one death in week 9 (and 
resultant error line denoted by VEH). MB-LCV n = 34 <12 weeks, n = 20 >12 weeks with no 
recorded deaths. Non-survival event recorded as either ethical euthanasia or natural death. 
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Table 4.8: Pathological observations of VEH (V), MB-LCV (MB), treated mice during necropsy at 12 and 30 weeks of age. 
Abbreviations: RV: Right ventricle, S: Intraventricular septum, LV: Left ventricle, GIT: gastrointestinal tract, +: pathology 
observed. 

 

  

Tr
ea

tm
en

t 
gr

ou
p 

M
ou

se
 

Pathology observed Cachectic 
appearance 

Perianal faecal 
staining 

Ascites 

M
ultifocal 

interstitial 
lym

phoplasm
acy

RV:S:LV  

Thinning &
 

dilation of RV 
m

yocardium
 

RV M
yocardial 

inflam
m

ation 

Cholangitis 

H
epatosteatosis 

H
epatocellular 

sw
elling 

Renal 
hydronephrosis 

Basophilic renal 
tubules 

G
IT inflam

m
ation 

V12 1     1:6:6 +    +    
2     1:6:5 +    +    
3     1:4:4   +  +    
4     1:4:4     +    
5     1:5:5     +    
              

MB12 1     1:6:4   +  +  +  
2     1:4:4     +  +  
3    + 1:6:6   +  +    
4     1:5:5     +    
              

V30 1     1:5:5     +    
2     1:4:5   +      
3     1:3:4         
4     1:3:4         
              

MB30 1     1:3:4         
2    + 1:3:4  +     +  
3     1:4:3         
4     1:3:3         
5    + 1:3:2.5       +  
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4.3.2 MB-LCV therapy induces acute but not chronic weight loss 
 

 

Weight loss occurred immediately upon commencement of treatment with MB-LCV 

therapy with a significant difference in weight gain from day two through day 20, likely as a 

result of CCNU and/or CDDP therapy-induced weight loss (see Figure 4.7). MB-LCV treated 

mice were 6-18% lighter during this period when compared to VEH highlighting a failure to 

thrive even though weight-gain was noted (p<0.05). Although mice recovered by D21, weight-

loss was again observed after the second administration of CCNU and CCP on days 29 and 30 

which was not recovered until day 42 (MB-LCV mice were 8-17% lighter on average through 

this period). From then on, there was no discernible difference between the MB-LCV and the 

VEH treated groups. 
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Figure 4.7: Weight measurements of VEH and MB-LCV treated mice over 8 weeks of regimen administration: CDDP and or CNNU 
therapy induced acute weight-loss over 3-4 days post treatment (D2) which took 20 days to recover. A similar 3-4-day weight loss 
occurred at D30. VEH n = 60 <12 weeks, n = 25 >12weeks. MB-LCV n = 34 <12 weeks, n = 20 >12 weeks (n excludes deaths), Error not 
shown for ease of viewing. Significance symbols: *:p<0.05 
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MB-LCV treated mice tended to consume less food during the first 9 days of treatment 

(~20%; Figure 4.8), and then again during the first few days following administration of the 

second chemotherapy cycle (~10%; Figure 4.8) when compared to VEH, suggesting that mice 

experienced nausea which was induced by either CCNU and/or CDDP. Interestingly, MB-LCV 

treated mice tended to increase food intake for close to 7 days after the second decline in 

food intake by approximately 20%, essentially negating the preceding decline in intake. 

Overall, total food consumption over the lifespan was comparable between VEH and MB-LCV 

groups, with MB-LCV treated mice consuming less food during periods and more food 

immediately after periods of active chemotherapy.   
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Figure 4.8: Food consumption of VEH vs MB-LCV treated mice over the life span shows no discernible difference: Total food 
consumption per cage was normalised for animal number thus values are derived approximates per animal only. Food consumption 
dropped in MB-LCV treated mice post CDDP and CCNU treatment (day 1,2, 29, 30). n=7-13 cages. Significance symbols: *:p<0.05, 
**p<0.005, ***p<0.001, ****:p<0.0001.     
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4.3.3 Effect of MB-LCV therapy on muscle and organ weight  
 

 

 Body weight and absolute organ weights at the two sampling time points are shown 

in Table 4.9. As there were no significant differences in body weight between the MB-LCV 

treated and VEH groups at 12 or 30 weeks, relative organ weights are displayed in Figure 4.9. 

After correcting for bodyweight, the SOL muscle was observed to increase by 42.5% at 12 

weeks of age before returning to VEH levels (p<0.0001, Figure 4.9). MB-LCV therapy tended 

to suppress mean cardiac weight at 8-weeks by 7.5% (p=0.0629). Splenomegaly was observed 

in MB-LCV treated mice at 30 weeks of age (an increase in spleen weight of 19%, p<0.05) 

however this manifestation was not observed at the 12-week timepoint. Aside from a trend 

for MB-LCV therapy to reduce heart/bodyweight ratio at 12-weeks (-7%, p<0.0629), no other 

significant changes in organ weights were observed in bodyweight corrected changes in mass.  
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Table 4.9: Absolute average bodyweight and muscle weight values from VEH (V) and MB-LCV (MB) treated mice at both 
12 and 30 weeks of age. Data expressed in grams.  

          EDL     SOL     TA    PLA   QUAD 
 Av. 

BW 
SD Mean SD Mean SD Mean SD Mean SD Mean SD 

V12 26.80 1.43 0.010 0.002 0.012 0.002 0.043 0.004 0.016 0.002 0.130 0.042 
             

MB12 27.19 1.26 0.012 0.001 0.016 0.002 0.048 0.003 0.015 0.003 0.158 0.014 
             

V30 32.95 1.52 0.013 0.002 0.014 0.003 0.054 0.004 0.020 0.004 0.223 0.039 
             

MB30 33.09 1.52 0.014 0.003 0.014 0.004 0.055 0.007 0.023 0.003 0.221 0.023 
        
            HEART      KIDNEY      SPLEEN        LIVER  
 Av. 

BW 
SD Mean SD Mean SD Mean SD Mean SD 

V12 26.80 1.43 0.125 0.011 0.154 0.020 0.101 0.006 1.147 0.153 
           

MB12 27.19 1.26 0.124 0.006 0.175 0.016 0.119 0.025 1.352 0.127 
           

V30 32.95 1.52 0.174 0.011 0.259 0.019 0.123 0.023 1.489 0.171 
           

MB30 33.09 1.52 0.179 0.012 0.258 0.042 0.146 0.017 1.603 0.168 

  

Figure 4.9: Organ and tissue wet weight changes (corrected for animal body weight in g/g) in Vehicle (V) and MB-LCV (MB) treated 
mice as of 12 and 30 weeks of age Muscle and organ wet weight post excision during necropsy shows acute cardiac myopathy but chronic 
splenomegaly. Data corrected for bodyweight of mouse at time of necropsy and is expressed as wet weight of tissue over the mouse’s 
body weight (g/g). n= 4-11. Abbreviations: EDL: Extensor digitorum longus m., SOL: Soleus m., TA: Tibialis Anterior m., PLA: Plantaris m., 
QUAD: Quadriceps complex. Significance via ANOVA with Tukey’s post hoc, where #: p=0.0629 and *:p<0.05, **p<0.005, ***p<0.001,  
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4.3.4 Micro-computed tomography analysis of the effect of MB-LCV 
therapy on hind-limb muscle mass   

 

 

 A hallmark of cancer and chemotherapy is the cachectic phenotype where loss of 

weight is characteristic. By investigating skeletal muscle mass in chemotherapy treated mice 

without cancer, an understanding of the underlying cause – whether it be cancer, 

chemotherapy or both – can be achieved. Using micro-computed tomography, we calculated 

the volume of cross-sections at the proximal 1/3 of the right lower hind limb. There was no 

effect of the MB-LCV chemotherapy regimen at either 12 or 30 weeks of age (Figure 4.10). 

This was not all together surprising considering no overall weight-loss was measured in MB-

LCV treated mice as compared to VEH. 

 

   

VEH12 MB12 

MB30 

Figure 4.10: Hind-limb volume as measured by µ-CT imaging of at the proximal 1/3 of the tibia in VEH (V) and MB-LCV (MB) 
treated mice at 12 and 30 weeks of age. MB-LCV therapy did not impact hind limb volume in the lower limb at either 12 or 
30-weeks of age. Representative images supplied. n=6-9 assessed by 2-way ANOVA with Tukey’s post-hoc test with error 
expressed as SD. Significance symbols: *:p<0.05 

VEH30 

8.8mm 
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4.3.5 The effect of MB-LCV therapy on haematological parameters  
 

 

Thrombophilia was evident at the 12-week (post therapy) time point (VEH: 1167 

±112.99, MB: 1497.33 ±44.24, p<0.05) together with monocytophilia (VEH 0.02 ±0.045, MB-

LCV 0.11 ±0.02, p<0.05). However, no change in circulating neutrophils (either segmented or 

lobular) or lymphocytes were noted, suggesting a state of acute inflammation.  All other 

measures were unchanged from VEH. At 18 weeks post therapy (30 weeks of age), platelet 

and monocyte levels had normalised (compared to VEH), however, elevated levels of 

circulating segmented neutrophils (and thus an elevated total circulating white cell count as 

well as elevated total protein level) were observed. It should be noted that total elevated 

protein may be due to other proteins which were not able to be measured due to low sample 

volume.      

  



184 
 

 

Table 4.10: Haematological (count and smear) and biochemical investigations for the effect of MB-LCV therapy on mice. 
Data expressed as difference between MB-LCV mean and VEH mean (with treatment group SD). Significance values >0.1 apply 
where values not reported. UA: Unavailable due to low sample blood levels. $: often expressed together with globulin levels, 
globulin level measurement was UA. n=3-5. 

Measure ΔM12 ±SD p value ΔMB30 ±SD Sig (p) 
Red cell count  (x1012/L) +0.697 1.142  +0.743 1.894  

Haematocrit   (L/L) +4.450 5.852  -2.000 5.252  
Haemoglobin  (g/L) +10.050 19.856  -3.500 23.274  

Mean corpuscular volume  (fl) +1.550 0.500  -5.000 3.000 <0.05 
Mean corpuscular haemoglobin (MCH) 

(pg) 
-0.200 0.000  -1.500 0.577  

MCH concentration  (g/L) -8.050 4.573 
 

+4.250 14.900  
Platelet count(x109/L) +330.333 44.242 <0.005 -20.417 73.786  

Total white cell count  (x109/L) +0.935 1.729  +2.750 1.587 <0.1 
Segmented neutrophils  (x109/L) -0.075 0.222  +0.650 0.512 <0.1 
Total lymphocyte  count(x109/L) +1.030 1.515  +2.025 1.493  

Monocyte count  (x109/L) +0.09 0.02 <0.05 +0 0.05         

Total Protein  (g/L) +2.917 4.933  -3.000 2.363 <0.1 
Albumin (g/L) ($ see figure note) +2.867 3.512  -2.500 1.708  

Urea  (mmol/L) +1.808 2.831  -0.342 0.714  
ALT +0.083 27.154  UA UA UA 

AST  (mmol/L) +34.750 138.667  +25.750 29.848  
Creatine Kinase  (mmol/L) +73.533 154.940  +130.000 166.649  
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4.3.6 The effect of MB-LCV therapy on in vivo grip strength analysis  
 

Mice were assessed for grip strength at 8, 12 and 30 weeks of age (which aligns with 

the end of course 1, course 2 and the treatment regimen, respectively; Figure 4.11). 

Surprisingly, no changes in grip strength at 8- or 12-weeks was noted, however, a decline of 

close to 40% in grip strength was observed at 30 weeks of age (Figure 4.11, p<0.05). As no 

change in grip-strength was observed during active chemotherapy (from 4-12 weeks of age), 

this data suggests that, despite an increase in muscle volume observed with µCT, the 

detrimental effect induced by MB-LCV therapy requires time to manifest, resulting in larger 

but dysfunctional muscle.    

 

  

Figure 4.11: Maximal grip strength reduced by MB-LCV at 30-weeks of age but not during active chemotherapy. No significant 
changes were noted at 8 and 12 weeks of life, or, at the end of course 1 or course 2 of the MB-LCV regimen. After 18 weeks of no 
treatment, grip strength was suppressed by 39.8% in previously MB-LCV treated mice as compared to VEH (p<0.05). n=15-20 
Significance in assessed by student’s t-test with error expressed as SD. Significance symbols: *:p<0.05 
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4.3.7 Analysis of MB-LCV treatment effect on contractile function 
 

 

4.3.7.1 Contractile properties 
 

Muscle functional parameters were assessed in EDL and SOL muscle fibres which were 

harvested from tendon to tendon from 12- and 30-week mice. These muscles were selected 

due to their predominant expression of fast-twitch Type II and slow-twitch Type I fibres, 

respectively. Although 12-week MB-LCV treated EDL m. and SOL m. were ~14% and ~20% 

larger in CSA, respectively (p<0.05, Figure 4.12A-D) than vehicle, no other remarkable changes 

in CSA or Lo were noted. Interestingly, the peak twitch contractional force (Pt) relative to 

maximal tetanic force (Po) ratio, or Pt/Po, was lowered by almost 40% in the EDL of 30-week 

old MB-LCV treated mice (p<0.005, Figure 4.12E).  At this point, and after establishing a force-

frequency relationship, the maximal absolute (or raw) force and specific force (force 

corrected for muscle CSA) was established during force-frequency analysis (Figure 4.13). Both 

the absolute and specific forces of EDL and SOL muscles were significantly reduced at 30-

weeks of age following MB-LCV therapy in both EDL and SOL muscle (Figure 4.13). These data 

suggest MB-LCV-induced changes (structural, functional or both) to the contractile apparatus 

itself, since similar declines were observed between absolute and CSA-corrected force values.       
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Figure 4.12: Cross-sectional area (CSA), optimal length (Lo) and peak twitch to tetanic ratio (Pt/Po) of the fast-twitch extensor 
digitorum longus (EDL) and slow-twitch soleus (SOL) muscles of vehicle (VEH) and MB-LCV (MB) treated mice at 12 and 30 
weeks of age. MB-LCV therapy increased CSA at 12 weeks by 13.8% and 20.6% in EDL m. and SOL m. respectively (p<0.05) but 
showed no effect at 30 weeks or on the SOL muscle (A & B). No effect of treatment on Lo measures were noted in either muscle 
or time group (C & D). Pt/Po was supressed by 38% at 30-weeks in MB-LCV treated mice, though treatment elicited no changes 
at 12 weeks in EDL or any changes in SOL muscle (E & F). n=4-10 assessed by ANOVA with Tukey’s post-hoc test with error 
expressed as SD. Significance symbols: *:p<0.05, **p<0.005 

A B 

C D 

F E 
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A B 

Figure 4.13: Absolute and specific force production of the fast-twitch extensor digitorum longus (EDL) and slow-twitch soleus (SOL) muscles from 
vehicle (VEH) and MB-LCV (MB) treated mice at 12- and 30-weeks of age. No changes to absolute force were seen with MB-LCV treatment at 12 
weeks of age in either EDL or SOL muscle, however marked reductions of 82.5% (p<0.0001) and 81.2% (p<0.005) at 30-weeks in EDL and SOL muscle 
respectively (A & B). A similar decline was seen in specific force with MB-LCV treatment causing a 72.5% (p<0.001) and an 83.8% (p<0.005) reduction 
in EDL and SOL muscle respectively (C & D). n=4-10 assessed by ANOVA with Tukey’s post-hoc test with error expressed as SD. Significance symbols: 
*:p<0.05, **p<0.005, ***p<0.001, ****:p<0.0001.                 

C D 
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4.3.7.2 Force-frequency relationship 
 

To establish the force-frequency relationship, muscles were stimulated at increasing 

frequencies and peak force was measured at each frequency. Data are presented as absolute 

force vs frequency, and, as the percentage of maximum force vs frequency in Figure 4.14. At 

12 weeks of age, there was no effect of treatment on either the force produced or the force-

frequency relationship in either the EDL or SOL muscle (Figure 4.14, A-D). At 30 weeks of age, 

however, EDL muscle treated with the MB-LCV regimen produced ~75% less force at all 

frequencies (p<0.001 10-30Hz, p<0.0001 50-100Hz, p<0.001 120Hz, p=0.063 150Hz, Figure 

4.14E). A similar result was observed in 30 week SOL muscle which consistently produced 

~80% less force than VEH treated muscle (Figure 4.14D). The force-frequency relationship 

shifted to the right in 30 week old MB-LCV treated EDL muscle (significant differences were 

noted at 30Hz, 50Hz, and 80Hz, Figure 4.14E). Interestingly, these findings were not seen in 

SOL muscle which maintained a comparable force-frequency relationship to VEH treated SOL 

muscle (Figure 4.14F). These data highlight specific effects on fast-twitch type II skeletal 

muscle fibres which may indicate an even faster muscle phenotype (due to less summation 

at lower frequencies), or a reduced sensitivity to calcium (as less force was observed at 

submaximal levels). 
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A B 

C D 

F E 
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Figure 4.14: Effect of MB-LCV therapy on absolute and relative force frequency relationship in fast-twitch extensor digitorum longus (EDL) 
and slow-twitch soleus (SOL) muscles from vehicle (V) and MB-LCV (MB) treated mice at 12- and 30-weeks of age. Muscle stimulation was 
of 500ms in tetanic length with consecutive 0.2ms pulses at 10, 30, 50, 80, 100, 120 and 150 Hz. There was no statistically significant treatment 
effect on EDL and SOL muscles at 12 weeks of age (VEH n=13 & 10 and MB-LCV n=9 & 10 for EDL and SOL respectively, A through D). However, 
the effect of treatment was pronounced after 30 weeks of age, with raw forces at all frequencies considerably supressed by over 4-fold 
(p<0.0001- #: p=0.063, Figure E). The force-frequency relationship was also significantly suppressed between 30-80Hz in treated EDL muscle 
(F). MB-LCV treated SOL muscle at this time point produced considerably less absolute force at all levels although the force-frequency 
relationship was not altered aside from at the 100Hz level (#: p=0.061, G & H). 

n=10 & 15 for V30 EDL and SOL muscles respectively and n=7 & 4 for M30 EDL and SOL muscles respectively. Of note only one MB-LCV sample 
and one VEH treated SOL produced forces above 80Hz and 100Hz respectively at 30 weeks. Relative forces presented were normalised to the 
greatest force produced for that muscle and data presented as mean ± STD. Significance assessed by ANOVA with Tukey’s post-hoc test with 
error expressed as SD. Significance symbols: *:p<0.05, **p<0.005, ***p<0.001, ****:p<0.0001.      

A B 

C D 

F E 

H G 
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4.3.7.3 Fatigue properties 
 

To conclude analysis of muscle contractile function, fatiguability was assessed by 

continuously stimulating EDL and SOL muscles for three minutes. Muscles were then allowed 

to recover, whilst intermittently being stimulated to assess recovery capacity. No changes in 

fatiguability or recovery parameters were observed at the 12-week time point in either EDL 

or SOL muscle. Fatigability was not affected by treatment at 30 weeks of age in EDL muscle, 

albeit the absolute forces were very low throughout due to lower tetanic force produced in 

this group. Interestingly, after initial typical recovery, a marked decline in function occurred 

after 5min of recovery. EDL muscle force production steeply declined by 47% at 10min 

(p<0.05) and continued to decline until almost no force was produced (5.5% of initial force 

was produced by MB-LCV treated EDL muscle at 60min of recovery, which was only 6.6% of 

VEH at the same time point; p<0.001). Remarkably, the 30w old MB-LCV-treated SOL muscles 

could not withstand the fatigue/recovery protocol – all either tore or failed to respond at 

some point during the fatigue-induction protocol.         
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Figure 4.15: Effect of childhood MB-LCV therapy on young and aged EDL and SOL muscle endurance and recovery: No significant differences were 
noted in endurance (fatiguability) performance in any group. A+B: Recovery was improved in MB-LCV treated 12 week old mice in both EDL and SOL 
(EDL: p=0.0006 n=(VEH=6, MB=5), SOL: p=0.0157 n=(VEH=11, MB=7)). C: EDL muscle from 30 Week-old mice failed to recover from the endurance 
bout (total force produced during recovery: p<0.0001 n=(VEH=7, MB=3, significant difference between time points shown, significance via unpaired 
t-test). No SOL muscle assessed was able to complete the fatigue protocol (n=(VEH=7). Data points are of the average force produced between time 
points and expressed as the relative force as compared to the first time point ±SD, significance of area under curve and individual points via unpaired 
t-test. Significance symbols: *:p<0.05, **p<0.005, ***p<0.001 
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4.3.8 Histological effects of MB-LCV therapy on Tibialis Anterior muscle.  
 

With chemotherapy-induced muscle dysfunction established as a clear characteristic 

of MB-LCV therapy, investigations into the underlying histopathology were performed. Using 

a standard H&E stain,  TA muscle fibres from each treatment and age group were assessed 

for mean fibre area and a frequency distribution of fibre size was created. No significant 

difference in the average fibre size or distribution were observed between 12-week VEH and 

MB-LCV or 30-week VEH and MB-LCV treatment groups.    
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Figure 4.16: Mean fibre size and fibre size frequency in Tibialis Anterior (TA) muscles of vehicle (VEH) and MB-LCV (MB) treated mice at 12 and 30 weeks 
of age. A) Representative images of H&E stained TA muscle  B) Mean fibre size of VEH and MB-LCV treated TA muscle showed no change in response to 
treatment (n=~2400 fibres per group, data presented as mean±SD) C) Data presented as the cumulative fraction of fibre distribution with error removed 
for ease of viewing. D) Relative fibre size frequency histogram showing MB-LCV treatment having no significant effect on fibre size frequency. n=4-5 with 
~600 fibres per n with data presented as mean±SD. Significance via ANOVA Tukey’s post-hoc for panels B and C and 2-way ANOVA with Tukey’s post-hoc
for panel D. No statistical differences between V12 and MB12 or V30 and MB30 were found. 

MB12 VEH12 MB30 VEH30 
A 

B C 

D 
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4.3.9 MB-LCV chemotherapy improves long-term glucose handling 
 

 

Baseline glucose levels after fasting is universally accepted as a measure of 

endogenous glucose production as no glucose has been consumed during fasting (6 hours of 

fasting was used here).534-538 After an initial glucose bolus is adminsitered, how quickly the 

organism takes up the glucose from the blood stream is indicative of glucose handling (or, 

cellular uptake).536,537,539 These measures are important here as we hypothesise that 

chemotherapy inadvertantly targets the mitochondria, thus altering cellular energy 

homeostasis and consequently glucose handling.   

Glucose tolerance testing as performed at 8 (during treatment), 12 (at the end of 

treatment) and 30 weeks (18 weeks post treatment) of age was conducted, here, on VEH and 

MB-LCV treated mice (Figure 4.17). As expected, blood glucose levels in all mice spiked within 

15 minutes of initial glucose injection before declining over the next 1 hour and 45 minutes. 

Endogenous glucose production and usage rates were well regulated (t0) and there was no 

difference between the groups at any other time point. An exception to this observation was 

at 5 minutes for the 8 week old animals (Figure 4.17).  At this point, plasma glucose levels in 

MB-LCV treated mice were 17% lower, however, this decrease was short lived and glucose 

levels returned to VEH by the next time point with no other changes noted (VEH = 12.0,  MB-

LCV = 10.2; p<0.005). At 30 weeks of age, MB-LCV mice showed significantly improved glucose 

handling at 15 and 30 minute time points (15min: VEH=14.1, MB-LCV=12.4, 30min: VEH= 10.5,  

MB-LCV = 8.9) but this normalised by 45 minutes and was comparable to VEH for the 

remainder of the assay. Collectively, these data suggest that MB-LCV therapy alters early 
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glucose handling, especially by 30-weeks of age, by increasing the rate of cellular glucose 

uptake.     

Figure 4.17: IPGTT time curves and measured area under the curve for 8, 12 and 30 weeks of age 
in MB-LCV and VEH treated mice. No significant changes were observed in the total area under the 
curve at each time point, however, improved glucose handling was noted at 8 weeks and 30 weeks 
of age in MB-LCV treated mice. n=10. Data presented as mean±SD. Significance via unpaired t-test. 
Significance symbols: *:p<0.05, **p<0.005. 
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4.3.10 Ex vitro analysis of mitochondrial function using the Seahorse XF24 
Flux analyser 

 

 

One major contributor to skeletal muscle fatiguability/endurance is the capacity of the 

mitochondria to meet ATP demand. As such, mitochondrial function was a logical next-step 

investigation to perform. Consistent with our theory that chemotherapy induces 

mitochondrial function 1, here we have shown that by 12-weeks of age, immediately post MB-

LCV therapy, all measures of mitochondrial function aside from coupling efficiency and 

glycolytic-dependent (anaerobic) metabolic capacity were suppressed. Specifically, basal 

respiration was reduced by 49% (p=0.09, Figure 4.18A), phosphorylating respiration by 63% 

(O2 consumption linked to ATP-production, p<0.05, Figure 4.18B), spare respiratory capacity 

by 74% (p<0.001, Figure 4.18C) and the aerobic metabolic potential by 57% (p<0.005, Figure 

4.18E). In contrast to VEH-treated mice, which saw spare respiratory capacity halve and 

coupling efficiency decline by 25% with age, there were no age-related changes observed in 

MB-LCV-treated mice when compared to VEH. While mitochondrial function in VEH treated 

FDB fibres showed an age-related decline in aerobic metabolic potential, a concomitant  

increase in anerobic metabolic potential was surprisingly observed (-33%, p<0.005 and 

+438%, p<0.005 respectively, Figure 4.18E & F); a shift that was inhibited by MB-LCV 

treatment. Collectively, these data suggests that MB-LCV treatment initially truncates the 

mitochondrial response to uncoupling stress (i.e. induced by FCCP) resulting in reduced 

oxidative phosphorylation during times of heightened demand. By 30-weeks of age, 

treatment caused a significant increase in basal respiration and ATP production at rest, 

suggesting raised metabolic demand at rest. Although, spare respiratory capacity was 

unchanged from 12-weeks, maximal oxygen consumption (as induced by oligomycin) was 
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unchanged from VEH – indicating that although the mitochondria were respiring at a 

significantly greater level at rest, the maximal respiratory capacity remains functional and 

comparable to VEH (Figure 4.19). This is in stark contrast to the mitochondria at 12-weeks of 

age where a significant reduction in both basal respiration and maximal oxygen consumption 

(-90%, p<0.001) was observed.  

These data suggest that the mitochondria at 12-weeks of age, and after 8 weeks of 

MB-LCV therapy, show a reduced basal rate of activity together with a considerably reduced 

ability to increase phosphorylation to meet metabolic demand. Contrastingly, at 30-weeks, 

basal mitochondrial activity was significantly raised and, due to this there was a reduced 

margin to increase phosphorylation. However, the mitochondria from 30-week old mice 

produced maximal phosphorylation rates similar to VEH suggesting that the dysfunction seen 

at 12-weeks of age had been repaired by 30-weeks of age.    
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Figure 4.18: Mitochondrial respiratory function of VEH and MB-LCV treated 12- and 30-week old mice. Isolated muscle fibres from 
bi-lateral flexor digitorum brevis. m were assessed for basal (A), ATP-associated phosphorylating (B) and uncoupling-associated spare 
(C) respiration. Mitochondrial coupling efficiency (D), aerobic (E) and anaerobic (F) metabolic potentials were calculated using these 
measures. MB-LCV therapy reduced basal mitochondrial respiration in 12-week-old mice (#: p=0.090, n=VEH:7. MB:4) but exacerbated 
the age-related increase in basal respiration by 30-weeks by 128% (p<0.005, n=VEH:8. MB:11, A). A similar trend was observed with 
ATP production, however the increase seen in MB-LCV treated mice was not observed in VEH (B). Although spare respiratory capacity 
was reduced 75% with MB-LCV treatment in 12-week old mice ([<0.001), age-related decline was not observed (C). No effect was seen 
on coupling efficiency at 12 weeks, however age-related decline was not seen with this measure either with 30-week old mice showing 
elevated coupling efficiency with MB-LCV treatment (p<0.005). Although aerobic metabolic potential was greatly reduced by MB-LCV 
treatment at 12-weeks (p<0.005), aerobic and anaerobic metabolic potentials did not change between 12- and 30-week time points. 
Anaerobic metabolic potential was unchanged by treatment at 12-weeks. Data presented as mean±SD. Significance via ANOVA with 
Tukey’s post hoc. V12 n=8, V30 n=9, MB12 n=6, MB30 n=10. Significance symbols: *:p<0.05, **p<0.005, ***p<0.001.                  
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Figure 4.19: Changes to cellular oxygen consumption in response to mitochondrial inhibitors and stimulants induced by early-
life MB-LCV therapy at 12- and 30-weeks of age. MB-LCV therapy administered from 4-12 weeks of age reduced basal respiration 
by almost 90% (p=0.09) and significantly decreased maximal respiration by 90% (p<0.001) in 12-week mice. By 30-weeks of age, 
maximal respiration had significantly increased relative to VEH by 128% (p<0.001) with maximal respiration levels returning to 
that of VEH. No significant changes to proton leak or non-mitochondrial respiration (NMR) was observed. Error expressed as SD 
where n=9-10. Significance symbols: #:p=0.09, ***: p<0.001.    
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4.4 Discussion 
 

 

Within this study, mice treated with the IAMDF modified Children’s Cancer Group 

(CCG) medulloblastoma chemotherapy regimen 124,331 were monitored from the time of 

treatment at 4 weeks of age, throughout the subsequent 8 weeks of chemotherapeutic 

treatment, and through to 30 weeks of age, to assess for short-term and long-term sequalae 

of the MB-LCV chemotherapy regimen (which contains CCNU, CDDP and VCR). In doing so, 

we’ve demonstrated that MB-LCV treatment in young mice caused: 1) significant reductions 

in skeletal muscle contractile function which was endured throughout the lifespan, even in 

the absence of observable systemic toxicity, chemotherapy-induced muscle atrophy, or 

mortality. These functional reductions were accompanied by; 2) mitochondrial dysfunction 

characterised by a reduced ability to adapt to metabolic demand. This confirmatory IMADF 

study partially supports our original hypothesis and results from our pilot study in Chapter 3, 

that common paediatric chemotherapy regimens induce skeletal muscle dysfunction and 

wasting through mitochondrial dysfunction, however in this instance, we saw no evidence of 

muscle wasting in mice.          

 

 

4.4.1 MB-LCV therapy does not affect survival or overall life-time growth 
in young mice 

 

MB-LCV treated mice survived both rounds of chemotherapy with no impact on 

survival. Although this study administered only 2 of the 8 courses prescribed within the CCG 

study 124, the time frame of treatment in mice was like that which is experienced in human 

patients; allowing for reasonable comparison. In the CCG study, progression-free survival was 
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reported as 86%±4% and 70%±7% at 3 years and 5 years post therapy, respectively 331. Other 

studies with this and modified versions of the regimen, have returned similar survival rates 

(5-year event free survival (EFS) with the same regimen 82%±2.8% vs cyclophosphamide 

substituted for VCR, 5-year EFS 80%±3.1% 331). Importantly, these studies indicated that the 

deaths were not directly due to treatment toxicity but rather from complications of 

metastatic disease, infection or cancer progression 124,331. Aside from cancer recurrence, long-

term survival is often reported together with a myriad of treatment-induced side-effects. 

These side-effects persevere long after treatment has ceased and the cancer survived, and 

greatly contribute to the overall disease burden associated with cancer survival. Weight-loss, 

for example, is generally associated with lean mass loss with or without the loss of fat mass 

147,152,279 which is often solely attributed to cancer-induced cachexia. Here, mice undergoing 

treatment sustained a ~5% drop in bodyweight following the commencement of 

chemotherapy (D2, Figure 4.7). After 3 days post CDDP therapy, weight gain was observed 

and occurred at a greater velocity than VEH, resulting in MB-LCV treated mice recovering to 

VEH levels within 2 weeks. Body weight loss was again evident after commencement of the 

second course of chemotherapy at D29 with a ~14% drop in weight observed, which, again, 

was normalised due to an increase in weight gain velocity over the next two weeks. It is likely 

that the observed weight-loss was caused by CDDP, since it was observed in the immediate 

days following CDDP administration. Not surprisingly, drops of up to 50% in food consumption 

matched the periods of weight-loss (Figure 4.8), likely due to the intense nauseating effects 

of CDDP 540. Presumably to correct for the caloric deficit, mice increase their food 

consumption by ~28% for the 7 days thereafter.  

Our collaborators have previously shown that platinum-based chemotherapeutic 

agents induce gastrointestinal dysfunction 421,422,541,542. Specifically, they have shown that 
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platinum-based alkylating agents decrease gut motility and enteric neuron number which 

could explain how, here,  food consumption is reduced after administration of CDDP. If indeed 

this is occurring here, if food flow through the gut is slowed, this could be misinterpreted as 

an appropriate level of satiety resulting in elevated inhibitory feeding signals to the brain 543. 

Although not investigated here, it is feasible to suggest that the gastrointestinal dysfunction 

seen previously, and associated malabsorption, may be the missing underlying variable which 

resulted in the rapid weight-loss seen here. Importantly, mice undergoing MB-LCV therapy 

were observed to show diarrhoea-like symptoms which support this hypothesis. However, 

Hyltander et al 455 showed parenteral nutrition delivery offered little protection against body 

weight loss in cancer patients (refer to Step 7: Application in Chapter 2 for more) highlighting 

that nutritional intake and utilisation is far more complex than purely the intestinal-venous 

interaction. If gastrointestinal dysfunction was induced by CDDP (or any of the other agents 

administered in the MB-LCV regimen), it was transient since body weight could be later 

restored. Since early life is characterised by rapid growth, even small deficits or modifications 

in nutrient intake and absorption can have catastrophic effects on overall weight gain and 

weight-gain velocity. Maintenance of a positive nutritional status in patients undergoing 

chemotherapy has been a well-known prognostic factor for decades 544. A study in 1981, 

highlighted that a higher serum albumin content and absence of weight-loss (defined as <5%) 

at the time of diagnosis resulted in median survival times more than doubling (5 months to 

12 months, p=0.008) 545. More recently it has been established that cancer-induced 

malnutrition negatively effects survival outcomes if not rectified before chemotherapy 

commences 546,547. Prior to treatment with MB-LCV therapy, mice were of sound nutritional 

status and no impact on survival or long-term weight gain was noted. The failure to normalise 

body weight following anti-cancer treatment and the consequential impact on survival rate 
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thus seems likely to represent a complex interplay between cancer-induced cachexia and 

chemotherapy-induced toxicity, rather than caused by chemotherapy alone. Ness et al (2007) 

showed that long-term chemotherapy survivors exhibited greater body fat and lower lean 

muscle mass percentages compared to their untreated counterparts without change in body-

mass-index 18. While treated mice did not exhibit a decline in overall excised wet muscle 

weight (Figure 4.9), it is important to note that this measure is a rudimentary assessment of 

muscle mass and thus does not definitively rule out the possibility that chemotherapy-

induced alterations in body composition were present in our mice. In an attempt to elucidate 

whether chemotherapy was impacting the quality of the muscle tissue, micro-computed 

tomography was undertaken on the hind limbs of all mice within this study. Unfortunately, 

after promising trials, the hind-limbs were over-stained requiring alternative methods for 

analysis (see S4.2.2.3.1). This compromised our ability to differentiate different soft tissue 

types from each other, in the hind-limb. Still, through volumetric analysis we were able to 

estimate muscle volume and showed that hind-limb volume increased with age, but was not 

effected by MB-LCV therapy (see Figure 4.10).  

 

 

4.4.2 Immediate and long-term chemotherapy-induced skeletal muscle 
 dysfunction: A sequalae of MB-LCV therapy            
      

Skeletal muscle dysfunction is a multi-faceted pathology resulting in a decline in 

endurance capacity (i.e. enhanced fatiguability), strength, or both. CI-SMDW has been a well 

identified yet poorly defined phenotype of chemotherapy survivorship 13,18-20,22,93,95,145,509. 

Within clinical settings, one of the most widely used measures of skeletal muscle strength is 
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grip strength, which assesses maximal isometric strength of the forearm. As hand grip 

strength has been widely used for decades in the clinical setting, the available pool of data 

enables comparisons to healthy populations possible 548-550. With numerous studies assessing 

grip strength in patients undergoing chemotherapy 379,551, survivors of chemotherapy 

151,380,552,553, and patients both before and immediately after treatment 554, it is well identified 

that chemotherapy survivors develop muscle weakness observable as a decline in grip 

strength. Long-term investigations of CI-SMDW in survivors of medulloblastoma though are 

only just emerging 555. However, due to the complex nature of skeletal muscle contraction, 

the underlying problem resulting in muscle dysfunction may lay anywhere from nerve impulse 

initiation in the brain, through to the transfer of this impulse to muscle fibre via the 

neuromuscular junction, down to the physiological and mechanical mechanisms that regulate 

and enact contraction. Peripheral neuropathy has been indicated as a significant sequalae in 

MB-LCV therapy 496,542,556-560, although  where along the brain-muscle axis the damage is 

occurring is currently unclear. In Medulloblastoma patients, an obvious limitation of grip 

strength studies is the uncertainty as to whether the cerebellar cancer is impairing efferent 

nervous communication to the muscle, or, whether the chemotherapy is causing the 

dysfunction somewhere along the axis. The grip strength studies performed in mice in this 

study, are independent of brain cancer, and showed no effect of chemotherapy either after 

4 weeks or 8 weeks of treatment. However, grip strength was significantly reduced in treated 

mice at 30 weeks of age (18 weeks after chemotherapy had ceased, Figure 4.11). As a clinical 

comparison, this is the equivalent of a 5-8 year old child receiving recurrent chemotherapy 

without a loss in grip strength, but, after chemotherapy ceases in their early teens, exhibiting 

a loss of strength upon assessment in their thirties 436. The underlying mechanisms behind 

this delay is thought to be a two-pronged insult. One, on the physiological front, where 
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chemotherapy is thought to damage the support cells of the child’s skeletal muscle, namely 

satellite cells, mitochondria and motor neurons, impeding physical and motor skill 

development 11. The other, on the physical capacity front, as once development has been 

hindered and physical ability diminished, the child is unable to engage in the same levels of 

physical activity with their peers, further compounding the deficit in physical function which 

manifests more and more as they age 18,509.  

To further investigate whether MB-LCV therapy induces skeletal muscle dysfunction, 

ex vivo contractile analysis of EDL (predominantly fast twitch fibres) and SOL (mixed fast and 

slow) muscles was performed. This type of functional testing removes neurological variables 

such as nerve impulse creation and transmission from brain to muscle, and solely measures 

the physiological capacity of the muscle – something that is obviously not possible in humans. 

A similar phenotype to that seen in our grip strength studies was observed in our ex vivo 

muscles in that absolute force production (raw strength, Figure 4.13A,B), specific force 

production (force corrected for muscle size, Figure 4.13C,D) and fatiguability and recovery 

capacity (Figure 4.15) were normal for both fast-twitch EDL and slow-twitch SOL at 12 weeks 

of age. However, at 30 weeks of age, a significant decrease in absolute and specific force was 

observed in both EDL and SOL muscle. These data suggest chemotherapy administration 

induced effects at the molecular cross-bridge level rather than as a function of muscle 

wasting, since specific force is corrected for muscle cross-sectional area and no changes in 

muscle weights or fibre cross-sectional area were observed. Declines in grip strength at 30-, 

but not 12-weeks of age, serves to corroborate the theory that MB-LCV therapy has reduced 

overall muscle quality which has required time to manifest. Although chemotherapy had no 

effect on the fatiguability of the EDL at the 30-week time point – likely due to the very low 

forces being produced by the muscles – a decline of functional recovery capacity was seen in 
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EDL muscle, a potential indication that fast twitch fibres are targeted by chemotherapy 

leaving slow-twitch fibres to produce force in response to the stimulus. Following fatigue-

inducing contractions,  30-week MB-LCV EDL muscles failed to recover force  relative to VEH 

muscles, and then ultimately, failed to respond to stimuli at all (Figure 4.15C).  Further, we 

were unable to complete the fatigue protocol with any MB-LCV-treated SOL muscles as all 

samples either tore or ceased responding to stimuli. Although suggestive of perfuse muscular 

damage or insufficient or irregular structural architecture (such as abnormal dystrophin, 

collagen, fibrin, etc.). Our group has recently demonstrated that chemotherapeutic agents 

alter the structural composition of the extracellular matrix (unpublished findings, D.Campelj) 

highlighting this as a possible mechanism.  

 

 

 

4.4.3 Chemotherapy-induced mitochondrial dysfunction likely 
underpins SMDW  

 

As similar dysfunctions were noted between grip strength and contractile 

experiments, these data suggest that the underlying aetiology is not chemotherapy-induced 

neuropathy but rather inextricably linked to muscle structure and/or function. Although 

histological assessment of the EDL or SOL muscle were, regrettably, not undertaken, 

histological assessment of the TA showed no signs of structural damage or fibre atrophy 

(albeit these muscles were not subjected to a maximal fatigue protocol). Aside from the 

structural capacity of a muscle, skeletal muscle bioenergetics are an important component of 

cross-bridge cycling and the overall contractile process. Considering the large ATP 

requirement of muscle tissue, any reductions in ATP production capacity could be vastly 
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detrimental to its aerobic (and anerobic) capacity; and thus performance. Firstly, glucose 

uptake capacity was assessed; (S4.3.9, Figure 4.17) an indirect measure of the mouse’s ability 

to remove glucose from the circulation and into metabolically-demanding tissue, including 

the musculature. MB-LCV induced no change in this ability at 12-weeks when mice were 

delivered a weight-corrected injection of glucose to the peritoneum. In contrast, at 30 weeks 

of age, MB-LCV treated mice showed a significantly improved ability to remove glucose from 

the blood. Specifically, increased rates of glucose uptake were noted at both the 15- and 30-

minute time points. In hindsight, accompanying these data with circulating insulin analyses 

would have provided a better understanding of glucose regulation – but, nevertheless, 

glucose handling was clearly altered after the cessation of chemotherapy administration. 

Considered with the marked suppression of muscle performance, it is possible that if the 

mitochondria were in fact dysfunctional, cellular energy production would depend more so 

upon anerobic glycolysis, elevating endogenous glucose requirements.  

The mitochondria are largely responsible for the glucose-energy conversion within the 

cell and, as such, they were functionally assessed using the Seahorse live-cell extra cellular 

flux system as described in S4.3.8. 30-week old VEH mice exhibited an elevated basal 

respiratory rate than their 12 week old counterparts, with treatment elevating these levels 

further (Figure 4.18A). This increase in basal cellular respiration at rest in healthy mice can be 

explained by the natural increase in mitochondrial density with age 561,562 and thus increased 

oxygen consumption. We have shown previously that treatment with a single platinum-based 

chemotherapeutic agent (OXA) in mice significantly increases mitochondrial density and 

reactive oxygen species production, but reduces the number of viable mitochondria within 

the cell 159. In this study, spare respiratory capacity was significantly reduced at both 12- and 

30-weeks of age (Figure 4.18C), without any observed changes in coupling efficiency. This 
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decline of metabolic flexibility highlights a reduced capacity for the mitochondria to meet the 

elevated metabolic demand in times of stress. It is this process that the skeletal muscle relies 

on for repletion of ATP during times of stress. With two of the three agents used in LCV acting 

as DNA alkylating agents (lomustine and cisplatin), it stands to reason that both of these 

agents have a capacity to damage the mitochondria, particularly due to the single stranded 

nature of the organelle’s DNA.     

As MB-LCV treatment greatly impacted the capacity of this process, significant 

ramifications on skeletal muscle performance is an obvious downstream effect as 

mitochondrial function cannot escalate to meet the demands of exercise, which was clearly 

observed in the fatigue protocol of both the EDL and SOL muscles (Figure 4.14). The 

underlying reasons for this are curious, as we noted no increase in skeletal muscle fibre size 

(Figure 4.16) or overall muscle volume (Figure 4.10) which could have explained the elevated 

metabolic demand. Importantly, the mitochondria at 12-weeks of age showed significant 

dysfunction which was highlighted by a reduction in spare respiratory capacity (Figure 4.18). 

Moreover, fibres which did not receive appropriate amounts of ATP to sustain cross-bridge 

cycling would essentially cease to work, entering a state of rigor and ultimately sustaining 

damage if used thereafter. There is a potential that this has caused irreparable damage to the 

muscle at 12-weeks of age, which has manifested into the state of muscular dysfunction seen 

at 30-weeks. Juvenile muscle is still undergoing hyperplastic growth in the early years of life, 

which is mediated by the highly mitotic muscle satellite cell population.188,563 Any anti-mitotic 

insult to these cells would both greatly reduce their capacity to repair and, worse still, deplete 

the satellite cell population all together, impeding the muscles capacity to repair. The 

phenotype presented here, although without signs of atrophy, is in fact consistent with that 

of early onset sarcopenia; which is characterised by an elevated state of systemic 
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inflammation, reduced muscular strength, increased muscle fatigue, a muscle fibre type 

switch to a predominantly slow-twitch fibre, increased propensity for the muscle to sustain 

damage, and musculature with smaller, fewer and less adaptive mitochondria. 314,315,564 

Although further investigations are required to substantiate these hypotheses, particularly 

histological investigations to elucidate fibre-type switching and fibrotic changes, MB-LCV 

therapy undeniably induces a decline of muscle function at the ultra-structural level which is 

potentially underpinned by mitochondrial dysfunction. Although the exact mechanisms 

remain to be elucidated here, even though muscular atrophy was not observed here by the 

30-week time point, it is likely that MB-LCV therapy has induced a pre-sarcopenic-like state 

and that muscular atrophy is likely to follow.        

 

 

 

4.5 Chapter summary 
 

 

We present here a clinically relevant animal model for investigating the effects of the 

CCG developed MB-LCV chemotherapeutic regimen. We have shown that a clinically relevant, 

modified version of the CCG MB-LCV therapy induces a somewhat pre-sarcopenic state; 

where skeletal muscle dysfunction, elevated levels of systemic inflammation and 

dysfunctional mitochondria are present without signs of muscular atrophy.  Of note, skeletal 

muscle recovery was greatly impacted by chemotherapy, demonstrating a greatly reduced – 

if not removed – ability to recover from a maximal ‘exercise’ bout. With the mitochondria 

unable to escalate to meet metabolic demand in times of stress in early life, the skeletal 

muscle dysfunction presented here at 12-weeks of age appears underpinned, if not at least 
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exacerbated, by mitochondrial dysfunction. With some capacity returning to the 

mitochondria later in life, but muscle dysfunction worsening, we hypothesis that the damage 

induced by a detrimental triad of inflexible mitochondria, systemic inflammation and skeletal 

muscle dysfunction in the early years of life has manifested into an early-onset sarcopenic 

state – all of which is instigated by childhood administration of MB-LCV therapy.    

 

 

 

 

 

Chapter 5 

Investigation of CI-SMDW Induced by NHBL-
Indicated CHOP Therapy in Juvenile Mice 
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5.1 Introduction 
 

 

Prior to 1998, the 5 year event free survival (EFS) estimate for children and adolescents 

with newly diagnosed NHBL was below 78% 565. Fortunately, these patients have been 

afforded remarkable improvements in prognosis since then. The FAB/LMB 96 trial highlights 

the importance of on-going scrutiny of current ‘gold-standard’ regimens. During the trial, 

survival rates for children suffering from NHBL were improved to near 100% when treated 

with a modified CHOP therapy regimen (5 year EFS for children with limited disease was 

reported as 97 ± 0·5% 566). Other studies using CHOP regimens report similar improvement in 

survival rates 338. These survival improvements can be largely attributed to advancements in 

the application of chemotherapeutics and supportive therapies. However, these statistics fail 

to include the children who succumb to treatment toxicity. Within the FAB/LMB 96 study 566, 

of the 217 patients who were eligible to commence treatment, 49 experienced a treatment 

failure event which resulted in them being removed from the study, with only seven of those 

children surviving. It should be recognised that, although close to 100% of patients of whom 

did not experience a treatment failure event went on to enjoy a 5 year EFS period, close to 

20% did not. A further 81% of patients undergoing treatment experienced stomatitis, 95% 

experienced infection, and over 25% were reported to experience Grade III/IV haemorrhage, 

transaminase, diarrhea, and electrolyte toxicities 341,566. These acute treatment sequalae are 

then amplified by long-term side-effects which manifest well after treatment cessation and 

well after the patients are discharged from the hospital setting.  Weakness, fatigue, skeletal 

muscle dysfunction and wasting, failure to thrive, and reduced life-span and quality of life are 

just a few of the long list of chemotherapy-associated sequalae 161,567-569. Furthermore, 

chemotherapy toxicity, which is commonly identified as a treatment failure event whereby 
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the therapy induces unacceptable risk or toxicity to the patient, often results in the patient 

being removed from the study and the subsequent statistical analysis. Thus, caution should 

be taken when interpreting treatment success rates. Regardless, that many patients 

experience severe treatment toxicity both during and after treatment, highlights an area 

where vast improvement to treatment tolerability and patient quality of life can be made. 

In the previous chapters we have rudimentarily established that the ALL-POMP and 

BL-CHOP regimens induce skeletal muscle dysfunction in EDL muscle and, although this was 

substantiated in the MB-LCV regimen, we are yet to conclusively show that the BL-CHOP 

regimen induces skeletal muscle dysfunction. Mitochondrial dysfunction was shown to be a 

likely contributor to the skeletal muscle dysfunction seen in the MB-LCV regimen, however, 

we have yet to establish whether chemotherapy can induce the full skeletal muscle 

dysfunction and wasting sequalae when administered without the cancer that the regimens 

aim to treat. This chapter aims to build on the completed NHBL pilot study presented in 

Chapter 3, by expanding animal numbers, post-therapy observation periods and investigative 

techniques to 1) ensure the IAMDF-modified BL-CHOP therapy is clinically relevant and 

appropriately replicates the clinical picture induced by the chemotherapy regimen; 2) 

investigate the CI-SMDW phenotype and the mechanisms which underpin it; and in contrast 

to human studies which are based on the combined effects of cancer and anti-cancer 

treatment, this study will 3) determine the magnitude of impact of BL-CHOP therapy alone. 

We hypothesise that the BL-CHOP regimen, which is centralised around anthracycline therapy 

which is known to induce skeletal muscle atrophy and mitochondrial dysfunction on its own, 

will induce the CI-SMDW sequalae and that this dysfunction and wasting will be observed in 

conjunction with mitochondrial dysfunction.  
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5.2 Method 
 

Methods are as per Chapter 3: Pilot and Chapter 4: MB-LCV confirmation study, unless 

otherwise stated below. Methods below were performed in addition to methods outlined in 

previous chapters. 

 

 

5.2.1 Animals 
 

All animal conditions are as previously described except for animal numbers. Here, 49 

mice began treatment housed in cages of five (with one group of four). 19 mice were allocated 

to the 12-week group and were culled for analysis on the last day of the regimen (D56 of 

treatment/D84 of life), while the remainder were culled at week 30 of life (D120 of life). The 

VEH group used in this chapter is the same as that presented in Chapter 4. 

 

 

5.2.1.1 Chemotherapy treatment summary 
 

Following from the success of the NHBL pilot study, the 80% IAMDF derived dose was 

selected for use in this confirmatory study as outlined below. Treatments herein were 

adapted from the French American-British Lymphome Malins de Burkitt (FAB LMB) 96 study 

338,339 which was a collaboration between the Française d’Oncologie Pédiatrique (SFOP), the 

CCG, and the United Kingdom Childhood Cancer Study Group (ULCCSG).    
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Table 5.1: Drug names, delivery modes and doses for selected BL-CHOP regimen 

 Drug Mode of delivery Delivery times Dose per delivery Total daily dose Days of course 
delivered 

Cyclophosphamide (CPM) Oral gavage 7-9am + 1-3pm 180.00 mg/kg 360.00 mg/kg 1-6 

Vincristine (VCR) Intraperitoneal injection 7-9am + 1-3pm 0.39 mg/kg 0.78 mg/kg 1,6 

Prednisone (PRED) Oral Gavage 7-9am + 1-3pm 11.81 mg/kg 23.62 mg/kg 1-6 

Doxorubicin (DOX) Intraperitoneal injection 7-9am + 1-3pm 2.60 mg/kg 5.20 mg/kg 1 

 

  

Figure 5.1: BL-CHOP regimen outline. Days indicate age of life of mice with bracketed numbers indicating day of treatment for the 
second course. 
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5.3 Results 
 

 

5.3.1 Low percent survival and systemic pathology in modified BL-CHOP 
therapy in mice 

 

 

Although survival was achieved in the IMADF pilot study in Chapter 3, toxicity and 

lethality levels of the regimen were, in fact, far more significant than originally projected. 

85.7% of mice completed the 12-week regimen successfully with 7 deaths (from the 49 mice 

which commenced treatment) recorded over the course of therapy. Of the remaining mice, 

33% survived through to the 30-week time point. Necropsy of 4 mice from the 12-week time 

point (as performed and reported by veterinary pathologists at Cerberus Sciences, 

Melbourne, Australia; reported observational data) consistently showed ascites, eccentric 

hypertrophy of the right ventricle of the heart (3/4) and gross hepatocellular swelling and 

scattered lipid vacuolation (steatosis) of liver hepatocytes (4/4). As reported in Chapter 3, 

necrosis throughout the intestinal tract was also observed (3/4) with 2/4 mice presenting with 

enlarged, full caecum’s with significant fluid containment within the colon (see Table 5.2). 

Interestingly, mice which died from treatment were consistently observed to suffer gross 

enlargement of the large intestines (potentially toxic megacolon, Figure 5.3). Unfortunately, 

due to limited time and resources, this data is only observational in nature with GIT sections 

being frozen for future analysis by our lab and collaborators.     
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Figure 5.2: Survival rates of VEH (V) and BL-CHOP (BL) treated mice at 12 and 30 weeks of age. Survival was significantly reduced 
during and post BL-CHOP therapy administration (p<0.0001). Non-survival was recorded as either euthanasia or natural death. The 
vertical dotted line indicates the 12-week cull point where 17 mice were culled for time point analysis with the surviving mice culled 
at 30 weeks (cull events not represented in this graph). VEH n = 60 <12 weeks, n = 25 >12weeks with one death in week 9. BL-CHOP 
n = 49 <12 weeks, n = 30 >12 weeks. Significance symbols: ****:p<0.0001.      
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Table 5.2: Pathological observations of VEH (V) and BL-CHOP (BL) treated mice during necropsy at 12 and 30 weeks of age. 
Abbreviations: RV: Right ventricle, S: Intraventricular septum, LV: Left ventricle, GIT: gastrointestinal tract, +: pathology 
observed. 
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Pathology observed 

Cachectic 
appearance 

Perianal faecal 
staining 

Ascites 

Interstitial 
lym

phoplasm
ic 

infiltration 

RV:S:LV  

Thinning &
 

dilation of RV 
m

yocardium
 

RV M
yocardial 

inflam
m

ation 

Cholangitis 

H
epatosteatosis 

H
epatocellular 

sw
elling 

Renal 
hydronephrosis 

Basophilic renal 
tubules 

G
IT inflam

m
ation 

V12 1     1:6:6 +    +    
2     1:6:5 +    +    
3     1:4:4   +  +    
4     1:4:4     +    
5     1:5:5     +    
              

BL12 1     1:4:3 +  +  +   + 
2     1:4:3 +  +  +   + 
3 + +   1:4:4 +  +  + +  + 
4 + +   1:5:5 +  +  +   + 
              

V30 1     1:5:5     +    
2     1:4:5   +      
3     1:3:4         
4     1:3:4         
              

BL30 1 + + +  1:2:2         
2 + + +  1:2:3  +  +  + +  
3   +  1:4:5  +  +  + +  
4     1:4:3    +     
5   +  1:4:3    +     
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Figure 5.3: Images of gastrointestinal pathology induced by NHBL therapy. A) Necropsy of healthy, VEH treated mouse. 
B-E) NHBL treated mice which died at varying ages all showing signs of gastrointestinal pathology and suspected toxic 
megacolon. F) NHBL treated gastrointestinal tract removed and measured on a centimetre ruler for reference (prevalence 
reported as ~90% of mice which died as a result of treatment toxicity). 
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5.3.2 A failure to thrive: BL-CHOP therapy induces acute weight-loss 
followed by catch-up growth    

 

From day 1 of treatment (DOX and VCR with the commencement of bi-daily PRED and 

CPM, Figure 5.4) mice sustained critical weight-loss (-21.5% from VEH and -10% from starting 

weight, percent of starting weight at day 4: VEH 112% BL-CHOP 90 which was exacerbated 

during periods of active treatment (Day 1-6 and D29-34 of therapy). During the first round of 

BL-CHOP therapy, mice began to regain weight 3 days after Day 1 DOX+VCR treatment, 

however, weight-gain velocity was still below that of VEH treated mice (VEH=3.50g per day 

average, BL=2.25g per day average from D4-D9). BL-CHOP weight-gain velocity correctively 

increased thereafter, with a rate which superseded the VEH growth rate (VEH=1.62g per day 

average, BL=3.52g per day average from D10-D15), indicating catch-up rebound growth 570. 

Therapy-induced weight-loss was exacerbated during the second round of therapy which, at 

its most extreme, resulted in a 18% loss in body weight over an eight-day period (BL-CHOP 

D29: 142%, D37: 124%). When compared to VEH, mice treated with two rounds of therapy 

were, on average, 31% lighter than their untreated counterparts (VEH D29: 150%, D37: 

155.5%). This loss in weight remained uncorrected until some 100 days after cessation of 

treatment.  

 

Food consumption (Figure 5.5), for the most part, was consistently similar between 

treatment groups with differences seen only during the first three days of each treatment 

round. At times, due to welfare concerns, standard chow mash (ground standard chow mixed 

with water) was added to cages to supplement food consumption where weight loss was 

considered too great (refer to S3.2.1 for details) and that cage’s food data was removed from 
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analysis. Food consumption data was limited in its value from D50 as all BL-CHOP treated mice 

were supplemented with chow mash. Every attempt was made to approximate food 

consumption using the dry weight of food added to each cage before it was combined with 

water. However, true food consumption from this point was ultimately inaccurate and 

excluded as the animals would track through the mash and intersperse the food through the 

cage bedding.   

  

Figure 5.4: Body weight as measured by percent change from starting weight in VEH (V) and BL-CHOP (BL) treated mice at 12- and 30- weeks 
of age. Significant weight loss induced immediately after commencement of treatment which, after an initial recovery 3 weeks 
later, was exacerbated by the second round of chemotherapy. This loss was recovered from 90 days later. VEH n = 60 <12 weeks, 
n = 25 >12weeks. BL-CHOP n = 49 <12 weeks, n = 30 >12 weeks (n excludes deaths, refer to Figure 5.2 for accurate numbers), 
error not shown for ease of viewing. Significance symbols: *:p<0.05, **p<0.005, ***p<0.001, ****:p<0.0001.           
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Figure 5.5: Food consumption as measured by daily food average food intake per animal in VEH (V) and  BL-CHOP (BL) treated mice at 12 and 30 weeks of age. Food consumption 
of VEH vs BL-CHOP treated mice over the life span shows no discernible difference outside of active treatment periods. Mice showed significantly decreased food consumption for 
3 days post DOX administration. Consumption returned to VEH levels thereafter. At Day 50, BL-CHOP cages were supplemented with chow mash and an expected decline in dry 
food weight consumption was seen, as mice almost exclusively consumed the diet alternative. n=7-13 cages. Error presented as SD. Significance symbols: *:p<0.05, **p<0.005, 
***p<0.001, ****:p<0.0001.     
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5.3.3 Micro-computed tomography (µCT) analysis of the effect of BL-
CHOP therapy on hind-limb muscle volume   

 

 Considerable weight loss was observed with treatment which was normalised by 30-

weeks of age (as seen in section 5.3.2). Importantly, µCT analysis was used to assess the 

impact of the regimen on skeletal muscle mass. Imaging investigations showed clear signs of 

muscular wasting at both 12- (-15% from VEH, p<0.05) and 30-weeks (-16% from VEH, p<0.05) 

in BL-CHOP therapy when compared to VEH (Figure 5.6). After treatment had ceased, muscle 

mass in the hind-limb of BL-CHOP treated mice increased by the same proportion as VEH 

treated mice over 18-weeks between time-points (~18% growth over the age).  
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Figure 5.6: Muscle volume as measured by µ-CT imaging of at the proximal 1/3 of the tibia in VEH (V) and BL-CHOP (BL) treated 
mice at 12 and 30 weeks of age. BL-CHOP therapy significantly reduced muscle volume in the lower limb at both 12 and 30-weeks of 
age by 15% and 16% respectively (p<0.05). BL-CHOP treated muscle increased by 18% between 12- and 30-weeks (p=0.064) which 
was the same increase seen in VEH (18%, p<0.05). Representative images supplied. n=7-10 assessed by ANOVA with Tukey’s post-hoc 
test with error expressed as SD. Significance symbols: #:p=0.064, *:p<0.05.  
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5.3.4 BL-CHOP therapy shows minimal long-term change in wet muscle 
and organ weights  

 

 

Body weight and absolute organ weights at the two sampling time points are shown 

in Table 5.3. As a rudimentary measure of atrophy/hypertrophy, excised muscles were 

weighed. No change was noted between treatment groups with BL-CHOP therapy showing 

only a propensity to acutely increase TA (+18% from VEH, p<0.05) and QUAD (+41% from VEH, 

p<0.05) wet muscle weight. These changes were normalised by 30w of age with all muscle 

weights returning to VEH levels, except for the PLA muscle which was elevated (+25% from 

VEH, p<0.05). Organ weights remained unchanged, though kidney weight was acutely 

increased by 20% (p=0.079) with BL-CHOP treatment.  
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Table 5.3: Absolute average bodyweight and weight muscle weight values from VEH (V) and BL-CHOP (BL) treated mice 
at both 12 and 30 weeks of age 

 

  

          EDL     SOL     TA    PLA   QUAD 
 Av. 

BW 
SD Mean SD Mean SD Mean SD Mean SD Mean SD 

V12 26.80 1.43 0.010 0.002 0.012 0.002 0.043 0.004 0.016 0.002 0.130 0.042 
             

BL12 21.76 1.60 0.009 0.001 0.010 0.003 0.039 0.007 0.014 0.002 0.143 0.034 
             

V30 32.95 1.52 0.013 0.002 0.014 0.003 0.054 0.004 0.020 0.004 0.223 0.039 
             

BL30 22.12 2.46 0.015 0.001 0.016 0.006 0.049 0.004 0.025 0.004 0.226 0.026 
        
            HEART      KIDNEY      SPLEEN        LIVER  
 Av. 

BW 
SD Mean SD Mean SD Mean SD Mean SD 

V12 26.80 1.43 0.125 0.011 0.154 0.020 0.101 0.006 1.147 0.153 
           

BL12 21.76 1.60 0.102 0.013 0.150 0.024 0.066 0.024 0.902 0.199 
           

V30 32.95 1.52 0.174 0.011 0.259 0.019 0.123 0.023 1.489 0.171 
           

BL30 22.12 2.46 0.165 0.018 0.258 0.042 0.146 0.017 1.294 0.148 

Figure 5.7: Organ and tissue wet weight (g) in VEH (V) and BL-CHOP (BL) treated mice at 12 and 30 weeks of age. Muscle 
and organ wet weight post excision during necropsy shows acute increases in TA and QUAD weight:BW ratio (p<0.05) and
increases in KID size (p=0.079) at 12 weeks, all of which was corrected by 30-weeks of age (+18%, 41% and 20% respectively).
PLA muscle size alone increased by 30weeks by 12.5% (p<0.05). Data corrected for bodyweight of mouse at time of necropsy 
and is expressed as wet weight of tissue over the mouse’s body weight (g/g). n= 4-11. Abbreviations: EDL: Extensor digitorum 
longus m., SOL: Soleus m., TA: Tibialis Anterior m., PLA: Plantaris m., QUAD: Quadriceps complex. Significance symbols: 
#:p=0.079, *:p<0.05  
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5.3.5 Haematological investigations in BL-CHOP-therapy treated mice  
 

 

Full blood examination (FBE) of blood sampled from 12 weeks old animals revealed 

BL-CHOP therapy induced no change when compared to VEH, aside from a reduction in MCH 

levels (as calculated by MCH= Hb (in g/L)/RCC (in millions/µL)). All other haematological 

measures at 12 weeks were unremarkable following BL-CHOP treatment when compared to 

VEH. By 30 weeks, all measures of red cell and Hb content were depressed, indicative of 

microcytic microchromic anaemia which is commonly observed in patients receiving 

chemotherapy due to high erythroid progenitor sensitivity to antineoplastic agents. 

Significantly, however, this sequalae was maintained 18 weeks after chemotherapy has 

ceased. 8 This hypothesis of chemotherapy-induced anaemia is supported by normal levels of 

total protein and albumin (suggestive of normal liver function in the absence of liver function 

tests (LFT)). Due to low sample volumes and technical error, LFT’s and iron studies were 

unable to be completed, which is unfortunate as a finding of low iron could explain this form 

of anaemia.       
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Table 5.4: Haematological (count and smear) and biochemical investigations in VEH (V) and  BL-CHOP (BL) treated mice at 
12 and 30 weeks of age. for the effect of BL-CHOP therapy on mice. Data expressed as difference between BL-CHOP mean 
and VEH mean (with treatment group SD). Significance values >0.1 apply where values not reported. UA: Unavailable due to 
low sample blood levels. $: often expressed together with globulin levels, globulin level measurement was UA. n.c: not 
calculatable due to values being identical in each group; VEH30 (16, 16, 16, 16), BL30 (15, 15). n=2-5.  

Measure ΔBL12 ±SD Sig (p) ΔBL30 ±SD Sig (p) 
Red cell count (RCC) (x1012/L) 0.119 0.181  -0.225 0.304  

Haematocrit (HC) (L/L) -2.13 3.51  -6.25 1.41 <0.05 
Haemoglobin (Hb) (g/L) -1.86 9.71  -11.0 2.83 <0.05 

Mean corpuscular volume (MCV) (fl) -2.20 2.00  -5.00 0.707 <0.05 
Mean corpuscular haemoglobin (MCH) (pg) -0.867 0.577 <0.1 -1.00 0.00  

MCH concentration (MCHC) (g/L) 7.530 10.07  17.75 4.950 <0.005 
Platelet count(x109/L) 255.0 47.57  77.25 57.98  

Total white cell count (x109/L) -0.94 0.95  -1.40 1.34  
Segmented neutrophils (x109/L) 0.10 0.17  -0.17 0.35  
Total lymphocyte count(x109/L) -1.12 0.87  -1.20 0.92  

Monocyte count (x109/L) 0.013 0.058  -0.025 0.00   
      

Total Protein (g/L) UA UA  1.75 11.3  
Albumin (g/L) ($: see note in figure legend) UA UA  0.25 6.36  

Urea (mmol/L) -0.525 0.79  -2.72 0.21 <0.05 
ALT (mmol/L) UA UA  UA UA  

AST (mmol/L) UA UA  UA UA  
AST:ALT UA UA  UA UA  

Creatine Kinase (mmol/L) UA UA  UA UA  
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5.3.6 BL-CHOP chemotherapy reduces endogenous basal glucose levels 
but not handling  

 

 

After 4 weeks of BL-CHOP therapy, mice exhibited greater rates of glucose uptake 

after the bolus challenge (10.5% lower total area under the curve (AUC)) which was 

highlighted by a tendency for plasma glucose levels to peak at lower concentrations from 5-

30min (p<0.05 at 5min, p<0.01 at 15, and 30min). By 30 weeks, BL-CHOP therapy had 

suppressed basal serum glucose levels (through suppression of endogenous glucose 

production) by 18.4% at t0 at 12 weeks of age, and 25.8% at t0 at 30 weeks of age. BL-CHOP 

therapy-induced reductions in serum glucose levels  (first seen at baseline) were preserved 

throughout both glucose challenges, with similar differences seen in total area under the 

curve as compared to VEH (-18.3% and -19.8% post BL-CHOP treatment at 12 and 30 weeks, 

respectively). Suppression of basal glucose levels aside, the shape of the curve and overall 

difference from VEH remained consistent throughout the challenge. 
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Figure 5.8: Changes in blood glucose levels (mmol/L) as in response to weight standardised glucose injection in VEH (V) 
and  BL-CHOP (BL) treated mice at 12 and 30 weeks of age. Intraperitoneal glucose tolerance test shows progressive 
suppression of basal glucose levels over the lifespan after BL-CHOP therapy. The 8-week challenge shows improved glucose 
uptake from blood serum with no change to basal glucose levels however, at both 12 week and 30 weeks, basal glucose 
levels are greatly suppressed and no change to glucose handling post injection were noted.  n=10. Data presented as 
mean±SD. Significance symbols: *:p<0.05, **p<0.005, ***p<0.001, ****:p<0.0001.     
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5.3.7 Chronic muscle weakness induced by BL-CHOP therapy as measured 
by grip strength 

 

Grip strength, performed as previously described in Chapter 4; S4.2.2.2, was severely 

impaired in BL-CHOP treated mice and was notable from 4 weeks of treatment (8 weeks of 

age). Remarkably, this strength impairment was sustained (i.e. at 30w), with grip strength 

comparable in 8-, 12- and 30-week old BL-CHOP treated mice (when corrected for body 

weight, refer Figure 5.9, p>0.3), illustrating no strength gain up to 30 weeks of age. In contrast, 

VEH treated mice increased grip strength by 20% between the 8- to 30-week sampling ages, 

such that BL-CHOP treated mice trailed their age-matched counterparts by 20% and 24% at 

12 and 30 weeks, respectively.  

  

Figure 5.9: Animal grip strength corrected for bodyweight in VEH (V) and BL-CHOP (BL) treated mice at 12 and 30 weeks of 
age. Bodyweight corrected strength suppressed by initial chemotherapy regimen which was not recovered from throughout 
the lifespan.  Grip strength was suppressed in treatment group in all age groups when compared to VEH (VEH8 10.3±1.9, BL8 
9.9±1.5; VEH12 11.2±1.8, BL12 8.9±0.9; VEH30 12.8±2.6 BL30 9.7±0.9). 12- and 30-week BL-CHOP force production did not 
statistically differ from BL8-week recordings (p>0.3). No significant differences in rate of fatigue between the groups was 
observed (measured by comparison of average force at each attempt compared between groups). n=15-20 with  error 
expressed as SD. Significance symbols: *p=0.05, **p<0.005, ***p<0.001.                    
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5.3.8 Effects of BL-CHOP therapy on muscle contractile function  
   

 

5.3.8.1 Muscle contractile properties 
 

Structural analyses of the fast-twitch EDL and slow-twitch SOL highlighted that BL-

CHOP therapy almost exclusively effected the EDL. An increase in CSA of 21% (p<0.05, Figure 

5.10A) from VEH as a result of BL-CHOP therapy was observed, however 30-week EDL muscle 

returned to VEH levels. No changes to the CSA of SOL muscle was observed. An important 

measure which can be used to infer (albeit rudimentarily) whether structural changes have 

occurred is through the measurement of muscle optimal length (Lo). Lo describes the length 

at which optimal overlap of myosin and actin filaments within the sarcolemma occurs, 

resulting in maximal force production.  Here, BL-CHOP induced a decline in Lo by 30% at 12-

weeks of age (p<0.005, Figure 5.10B), was observed which was reversed by 30-weeks where 

Lo was increased by 23% in comparison to VEH (p<0.001, Figure 5.10C). The Lo of BL-CHOP 

treated SOL muscle was also observed to increase from 12 to 30-weeks of age (~5%, p<0.05, 

Figure 5.10D), however neither measure was statistically different from VEH.  

BL-CHOP therapy caused an increase in Pt/Po ratio in both EDL (23%, p=0.061, Figure 

5.10E) and SOL (32%, p=0.058, Figure 5.10F) muscle at 12-weeks of age when compared to 

VEH. This is in contrast to VEH where Pt/Po increased between the 12w and 30w muscles by 

61%  for EDL (p<0.05) and 15% for SOL (p<0.05), whereas the Pt/Po of EDL from BL-CHOP 

treated mice did not increase with age in either muscle (Figure 5.10E,F)  

In VEH muscle, Po (absolute force) and SPo (specific force) production increased with 

age by almost 2 -fold in EDL muscle (p<0.0001 Figure 5.11A and p<0.005 Figure 5.11C 

respectively), with specific force falling by close to half in SOL muscle (p<0.05, Figure 5.11D). 
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In EDL muscle, BL-CHOP therapy did not affect either Po or SPo at 12 weeks of age, but 

decreased both measures by 30 weeks (Po: -84%, p<0.0001; SPo:-58%, p<0.05, Figure 5.11AC). 

In SOL muscle, there was no significant change to either Po or SPo at 12-weeks as a result of 

BL-CHOP therapy either, however, by 30-weeks, treatment had reduced Po by 58% (p<0.05) 

and showed a tendency to reduce SPo  by 57% (p=0.07, Figure 5.11B,D).  
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Figure 5.10: Cross-sectional area (CSA), optimal length (Lo) and peak twitch to tetanic ratio (Pt/Po) of the fast-twitch extensor 
digitorum longus (EDL) and slow-twitch soleus (SOL) muscles of vehicle (VEH) and BL-CHOP (BL) treated mice at 12 and 30 
weeks of age. BL-CHOP therapy induced an EDL specific increase in CSA by 20% (p<0.05) however no change from 12-30 weeks in 
BL-CHOP treated EDL was observed (A). Treatment had no effect on SOL CSA (B). EDL Lo was decreased by 26% at 12 weeks and, 
interestingly, increased by 26% at 30 weeks when compared to time-controlled VEH samples. SOL Lo followed a similar trend, 
increasing by 5.5% between 12- and 30-weeks with BL-CHOP treatment (p<0.05). An increase in both EDL (p=0.061) and SOL 
(p=0.058) Pt/Po was observed in response to BL-CHOP when compared to VEH. n=3-10. With error expressed as SD. Significance 
symbols: (E) #:p=0.061,  (F)#:p=0.058, *:p<0.05, **p<0.005, ***p<0.001, ****p<0.0001 
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Figure 5.11 Absolute and specific force production of the fast-twitch extensor digitorum longus (EDL) and slow-twitch 
soleus (SOL) muscles from vehicle (VEH) and BL-CHOP (BL) treated mice at 12- and 30-weeks of age.  Treatment had no 
effect on absolute or specific force production in EDL or SOL at 12 weeks of age, however both measures were negatively 
affected by 30 weeks when compared to VEH with EDL and SOL absolute force reduced by 85% and 55% respectively. Specific 
force at 30-weeks was reduced by 38% and 57% for EDL and SOL respectively. n=2-10 (BL12 n=2-3 for EDL and SOL). Error 
expressed as SD where #:p=0.070 and ##:p=0.055 and *:p<0.05, **p<0.005, ****p<0.0001        
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5.3.8.2 Force-frequency relationship 
  

 

Development of force-frequency relationships are as described in previous chapters 

and are presented together with raw force values in Figure 5.12. In response to BL-CHOP 

chemotherapy, the force-frequency relationship in 12-week EDL muscle was shifted to the 

left, indicating elevated force-output at lower stimuli (significant changes of 230% at 10Hz,   

240% at 30Hz and 159% 50Hz with BL-CHOP treatment compared to VEH, Figure 5.12B) . A 

similar shift was seen in 12-week SOL muscle (significant percent increases of 136% at 30Hz 

and 114% at 30Hz from VEH, Figure 5.12D). SOL force production, however, began to fail at 

80Hz and testing ceased thereafter from concerns of muscle resilience (which is the standard 

protocol used for all muscles tested). Contrastingly, and consistent with reductions seen in 

absolute and specific forces in the previous section, at 30-weeks of age BL-CHOP treated EDL 

muscle decreased when compared to VEH in raw force output at all frequency levels (Figure 

5.12E). Together with lowered force output, chemotherapy induced a rightward shift in the 

EDL muscle force-frequency relationship (significant percent decreases of 45% at 30Hz, 52% 

at 50Hz, 20% at 80Hz and 8% at 100Hz from VEH Figure 5.12F), a complete reversal of the 

phenotype seen at 12-weeks. This effect was fibre-type dependent as the force output of SOL 

muscle returned to VEH levels by 30-weeks.  
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Figure 5.12: Effect of BL-CHOP therapy on absolute and relative force frequency relationship in fast-twitch extensor digitorum longus (EDL) and 
slow-twitch soleus (SOL) muscles from vehicle (V) and BL-CHOP (MB) treated mice at 12- and 30-weeks of age. Muscle stimulation was of 500ms in 
tetanic length with consecutive 0.2ms pulses at 10, 30, 50, 80, 100, 120 and 150 Hz. There was no statistically significant treatment effect on raw force 
production at 12 weeks in either muscle, however SOL contraction was not viable after 80Hz or EDL after 180Hz. A leftward shift in relative force was 
seen in both muscles (VEH n=13 & 10 and BL-CHOP n=3 & 3 EDL and SOL respectively, A through D). The effect of treatment was pronounced after 30 
weeks of age, with EDL raw forces at all frequencies considerably supressed (p<0.005, E). The force-frequency relationship was shifted to the right in 
treated EDL muscle (p<0.05, F). BL-CHOP treated SOL muscle at 30weeks did not show any statically significant changes in raw or relative forces aside 
from a strong trend at 10Hz (#: p=0.051, G & H). 

n=10 & 15 for V30 EDL and SOL muscles respectively and n=4 for BL30 EDL and SOL muscles. Of note only one VEH sample at 30 weeks produced forces 
above 100Hz. Relative forces presented were normalised to the greatest force produced for that muscle and data presented as mean ± STD. n=3-10 
assessed by two-way ANOVA with Tukey’s post-hoc test with error expressed as SD. Significance symbols: *:p<0.05, **p<0.005, ***p<0.001, 
****p<0.0001        
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5.3.8.3 Fatigue properties 
 

 

Next, the fatigue and recovery profile of the muscles was assessed, in both the EDL 

and SOL muscles. EDL muscle fatigue occurred almost immediately with lower force 

production in BL-CHOP compared to VEH, which was observed after 20s in 12-week (p<0.05) 

and 30-week (p=0.0507) animals (Figure 5.13). No recovery was observed in BL-CHOP treated 

12- and 30-week EDL or 12-week SOL muscle, with contractional force not improving beyond 

the final force recorded in the fatigue protocol (p<0.05, Figure 5.13A-C). Although BL-CHOP 

treated SOL muscle was able to withstand the force-frequency protocol in the previous 

section, no SOL muscle was able to withstand the fatigue protocol, with all muscles either 

tearing or failing to respond to stimuli (Figure 5.13D).  
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Figure 5.13: Effect of BL-CHOP therapy in juvenile mice on muscle endurance and recovery over the lifespan: A+C) Endurance capacity was 
suppressed in NHBL treated EDL muscle at both 12 and 30 week time points where relative force was reduced, on average, by 24-28% at 12 weeks 
and 7-14% at 30 weeks. Recovery capacity was also greatly decreased in both groups which was consistently evident at 12 weeks, and inconsistently 
so (although significant) at 30 weeks. B) Endurance was largely unaffected in 12-week NHBL treated SOL muscle although recovery capacity was 
greatly hindered with muscles failing to recover between contractions resulting in a consistent decline in force output (rather than the expected 
increase). D) No NHBL SOL muscle could withstand the fatigue protocol with all excised SOL muscles failing to contract or tearing at some point 
throughout the 180s bout. Data presented as mean ± STD. Significance symbols #:p=0.0507, *:p<0.05, **p<0.005, ***p<0.001, ****p<0.0001    
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5.3.9 BL-CHOP therapy induces enduring skeletal muscle fibre atrophy  
 

 

Histological analysis of H&E-stained TA fibres  revealed a BL-CHOP-induced reduction 

of 19% and 5.5% in mean fibre cross-sectional area for 12- and 30-week old mice, respectively 

(refer Figure 5.14A). With such reductions in overall mean fibre size, the resultant leftward 

skew in 12-week old TA muscles was as expected due to a significant increase in smaller fibres 

(as compared to VEH, Figure 5.14C). A similar phenotype was seen in 30-week old TA fibres, 

with an increase (although non-significant ) in smaller fibres (see Figure 5.14C and D).  
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Figure 5.14: TA muscle fibre cross sectional area and fibre size frequency as measured in VEH (V) and BL-CHOP (BL) treated mice at 12 
and 30 weeks of age. A) Representative images of H&E stained TA muscle. B) Mean fibre size of VEH and BL-CHOP treated TA muscle fires 
showed significant reduction in average fibre size between VEH and treatment (n=~2400 fibres per group, data presented as mean±SEM) 
C & D) Fibre size frequency histogram showing treatment at 12 weeks skewed to the right with markedly increased BL12 fibre numbers in 
bins <2100 but less thereafter. BL30 treatment improved spread symmetry by increasing fibres in the middle bins alone. n=4-5 with ~600 
fibres per n with data presented as mean±SD). Significance figures #=0.0523. Significance symbols: *:p<0.05, **p<0.005, ****p<0.0001. D) 
Data presented as the cumulative fraction of fibre distribution with error removed for ease of viewing. 
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5.3.10 Mitochondrial function analysis    
 

As discussed previously (Chapter 1, S1.4.1 and Chapter 4, S4.3.8), mitochondrial 

capacity is inextricably linked to skeletal muscle performance. As such, a decline in 

mitochondrial function will lead to a resultant decline in muscle performance. It should be 

noted prior to the presentation of these results that due to equipment failure, 30-week old 

BL-CHOP treated mice were unable to be assessed for mitochondrial function. Never-the-less, 

at the 12-week timepoint, there was no observable difference in basal mitochondrial oxygen 

consumption, ATP production or coupling efficiency were observed (Figure 5.15A, B and D 

respectively) indicating that mitochondrial coupling is unaffected by BL-CHOP treatment. No 

significant difference here serves to suggest that mitochondrial performance at baseline was 

unaffected by BL-CHOP therapy. These findings are in stark contrast to our previous findings 

which showed considerable mitochondrial dysfunction, which was expected here considering 

that anthracyclines are reduced at Complex 1 of (and thus remove electrons from) the  

electron transport chain.1 However, although no effect was seen at baseline, BL-CHOP 

chemotherapy truncated mitochondrial ability to respond to metabolic stress by almost half 

(as measured by metabolic spare respiratory capacity, p<0.05, Figure 5.15C) which was 

characterised by a significantly reduced maximal respiration rate by 50% (p<0.05, Figure 5.16)  
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Figure 5.15 Mitochondrial respiratory function of VEH and BL-CHOP treated 12 week old mice No changes in basal 
mitochondrial respiration (A), ATP production (B) or mitochondrial coupling efficiency (D) were measured in FDB fibres as a 
result of BL-CHOP therapy. Spare respiratory capacity was reduced at 12-weeks after 2 rounds of BL-CHOP therapy by 56% 
(p<0.05, C) which was coupled with a similar decrease in aerobic metabolic potential (-45% from VEH, p=0.0858, E). No change 
in anaerobic metabolic potential was observed (F). Data presented as mean±STD. Significance via student’s t-test. VEH12 
n=8, BL12 n=7  
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Figure 5.16 Changes to cellular oxygen consumption in response to mitochondrial inhibitors and stimulants induced 
by early-life BL-CHOP therapy at 12-weeks of age. BL-CHOP therapy administered from 4-12 weeks of age significantly 
reduced significantly decreased maximal respiration by 50% (p<0.001) in 12-week mice. No significant changes to proton 
leak or non-mitochondrial respiration (NMR) was observed. Error expressed as SD where n=9-10. Significance symbols: 
*:p=0.05 
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5.4 Discussion 
 

 

CHOP therapy continues to be accepted as the gold standard therapy against 

paediatric NHBL 571. However, and as with all chemotherapeutic regimens, patients 

undergoing therapy often develop severe, acute and chronic sequalae. Here, we investigated 

the effects of two rounds of IAMDF-modified CHOP therapy on juvenile mice. Importantly, 

these effects were measured both at the cessation of treatment at 12 weeks and well into 

adulthood at 30-weeks of age. These time points were selected to maximise clinical relevancy 

by matching sampling points in mice to the age of paediatric patients undergoing therapy 

between 5-12 years of age, with follow ups after chemotherapy has ceased (refer to Chapter 

2, Step 7 for further details). In doing so, we demonstrated that the IAMDF modified CHOP 

therapy used here in mice, adequately replicates the clinical picture induced by CHOP therapy 

in humans. Here, we show that IAMDF-modified CHOP therapy in mice 1) greatly impaired 

growth rates and overall survival; 2) induced severe organ toxicity inclusive of 

cardiomyopathy and renal-, liver- and gastrointestinal-opathies; 3) induced lifelong skeletal 

muscle dysfunction and wasting which was characterised by reduced grip strength, mean 

muscle fibre size, ex vivo muscle endurance and recovery capacity; and 4) truncated 

mitochondrial metabolic flexibility at 12-weeks. This study presents a mouse model which 

adequately replicates the clinical sequalae induced by CHOP therapy and emphasises that CI-

SMDW is a critical and enduring side-effect of juvenile chemotherapy. Further, this study also 

supports our hypothesis that BL-CHOP chemotherapy induces mitochondrial dysfunction (at 

least at 12-weeks of age) which is characterised by an inability to increase metabolic output 

in times of demand.  
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5.4.1 CHOP therapy induces severe lethality and systemic toxicity in mice 
 

The IAMDF modified CHOP therapy used herein, produced similar adverse events as 

previously described by others in humans 338,340,341,566, with 14% (7/49) of mice succumbing 

to treatment toxicity before completion of the regimen (refer S5.3.1). Of those that were 

observed for 30 weeks post treatment cessation, 33% (10/30) survived the regimen – 

producing a survival rate far worse than that described in the literature for humans. Upon 

necropsy, mice showed signs of severe systemic toxicity including right ventricular dilatation 

and hepatocellular swelling (although not confirmed in wet-weight analysis, Figure 5.7).  

These gross anatomical observations indicate a state of congestive heart failure which is a 

well described sequalae of CHOP therapy, or, more specifically; that doxorubicin with 

concomitant cyclophosphamide increases risk of developing congestive heart failure due to 

an elevated state of oxidative stress within the cardiomyocytes 369,572-574. Also consistent with 

clinical findings, mice were found to present with diffuse gastrointestinal inflammation and, 

though mostly in necropsy cases, skipping (non-continuous) necrotic lesions throughout the 

intestines. When considered with the a high incidence rate of toxic megacolon in BL-CHOP 

treated mice, chemotherapy-induced mucositis underpinned by an elevated oxidative state 

within the mucosae is the likely cause, as indicated by others 575,576. Although not 

histologically confirmed by us here, mucositis is also a well described finding in patients 

undergoing CHOP therapy with some studies reporting incidence rates of up to 85% 370,577.   

 

Concordant with a diagnosis of CHOP-induced mucositis, food consumption was 

reduced during active treatment periods and consistently after the second round of therapy 
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– indicating a state of gastrointestinal distress (Figure 5.5). Observationally, mice who were 

observed to consistently lose body weight over a 3- day period (15% cumulative), continued 

to lose body weight and ultimately died. In response to initial deaths, mice who matched this 

pattern of weight-loss were isolated and fed a watered and mashed food substitute which 

improved survival in some cases. With all CHOP treated groups consistently consuming less 

food for 10 days post second round of therapy, the mash food substitute replaced hard foods 

which, again, improved survival outcomes. Nutritional deficit due to reduced food intake is a 

common hurdle of chemotherapy, which is often combated by supplemental food 

alternatives 578,579. As could be expected with a reduction in food consumption, a concomitant 

drop in body weight was recorded during active periods of chemotherapy. Body weight was 

significantly reduced in CHOP treated mice with a loss of 9.95% from pre-therapy weight (a 

difference of 21.64% to VEH, p<0.0001). Interestingly, after each chemotherapeutic insult had 

ceased, mice exhibited “catch-up growth” which has been described as a restoration of 

original growth patterns after an insult has been alleviated 580. After 30-weeks, however, the 

surviving mice (33% of mice that commenced therapy) returned to VEH weight.  

µ-CT analysis highlights that the early loss of mass could be attributed to a loss of lean 

muscle mass, with BL-CHOP treated mice losing ~15% of hind leg volume compared to aged-

matched, VEH treated mice. Although mice which received chemotherapy returned to VEH 

body weight by 30 weeks, survivors of childhood chemotherapy are observed to have 

increased body and intramuscular fat and less lean mass than the healthy population in their 

adult years18,581.  This is likely the case here as BL-CHOP treated mice did not replenish muscle 

mass, but rather, had 16% less volume in their hind-limbs than VEH counterparts at 30w of 

age. Interestingly, there was no change in the hind-limb muscle weight from the contra-lateral 

limb, indicating these changes are not as straight forward as a loss of total mass. Although 
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our µ-CT analysis measured for volume and not lean mass, when considered with the 

reduction in specific force (SPo) as measured during contractile function analyses and reduced 

fibre size as measured by histology, these data collectively suggest a decline in skeletal muscle 

size and quality and thus contractile strength; where lean mass has likely been replaced with 

non-contractile tissue, like that seen in survivors of childhood chemotherapy.   

 

Together with altered body composition (high fat mass to muscle mass ratio), aberrant 

glucose handling has also been linked to malnutrition during childhood. A study into 

malnourished children (sans chemotherapy or cancer aetiology) showed that a weight deficit 

which exceeded 25% when compared to healthy controls was a prognostic factor for life-long 

hypoglycaemia 582. CHOP-treated mice were also commonly observed to suffer from hepatic 

steatosis which is indicative of malnourishment when found in juveniles 583. Glucose handling 

here, however was not found to be dysfunctional per se in that BL-CHOP mice receiving a 

glucose bolus challenge responded with similar rises and falls (both in rate and total amount) 

in blood glucose levels (Figure 5.8). What was significant, however, was that from 12-weeks 

of age, BL-CHOP mice presented with a significant reduction in endogenous glucose levels 

which was exacerbated with age (18.4%, p<0.005 and 25.8%, p<0.0001 at 12- and 30-weeks 

respectively). This reduction in endogenous glucose level is likely a further manifestation of 

malnourishment, however, mice only experienced periods of malnourishment and went on 

to experience catch-up, rebound growth. Although further in vivo insulin resistance studies 

would be required to definitively catergorise the underlying aetiology, it could be reasoned 

that elevated insulin levels could underpin the endured hypoglycaemia seen throughout the 

lifespan (due to insulin-mediated cellular glucose uptake). A study by Mittelman et al suggests 
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this is due to insulin suppression of adipocyte breakdown, resulting in decreased free fatty 

acids and gluconeogenisis 584. This theory has been supported by a large epideimilogical study 

which longditundinally followed children whom exhibited catch-up growth in their formative 

years. The study highlights that these children were more likely to develop hyperinsulinaemia, 

hypoglycaemia and elevated fat storage – likely to protect them against further bouts of 

malnutrition 570.        

 

5.4.2 CI-SMDW in CHOP treated mice is characterised by skeletal muscle 
atrophy, weakness, fatigue and poor post-exercise recovery  

 
 

Mice treated with the BL-CHOP regimen did not improve grip strength (when 

corrected for bodyweight) over the life span, with force produced at 12- and 30- weeks 

comparable to 8-week force production (p>0.3), suggestive of mass-independent 

dysfunction. These findings in mice are similar to those seen in chemotherapy survivors, with 

Ness et al reporting survivors experience chronic reductions in strength and endurance 

capacity over the lifespan 18,555. Out of the CHOP therapy constituents, doxorubicin has been 

indicated by many to cause severe and enduring damage to the skeletal muscle 143,585. 

Doxorubicin-induced increases in intra-cellular ROS has been linked to the activation of 

muscle catabolism pathways 239,263,586. Thus, the doxorubicin constituent of BL-CHOP therapy 

could be recognised as a potential, yet major, contributing factor to the muscle atrophy and 

weakness seen within this study. This mechanism, combined with the caloric reduction we 

observed here, suggests that muscle weakness and atrophy (together with body-weight loss) 

is likely a result of a two-pronged insult: one which induces skeletal muscle atrophy due to 
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increases in skeletal muscle ROS, and one that inadvertently activates muscle catabolism by 

activating starvation-induced muscle autophagy.  

  

Further impeding a survivor’s quality of life, is the characteristic reduction in skeletal 

muscle endurance and recovery capacity which is endured long-after chemotherapy has 

ceased 93,144,587. Muscle fatiguability and recovery capacity in BL-CHOP treated mice showed 

fast-twitch muscles (as seen in EDL) sustained significant reductions in endurance capacity, 

which was characterised by a faster, more sustained reduction in force output during exercise 

(Figure 5.13). Strikingly, EDL at 12- and 30-weeks, and SOL muscle at 12 weeks failed to 

recover after the exercise bout, with BL-CHOP-treated muscle failing completely after an hour 

of rest (interspersed with maximal contractions). Moreover, the force-frequency relationship 

in 12-week EDL muscle was shifted to the left, indicating an elevated force-output at lower 

stimuli treatment compared to VEH. Alternatively, these data could indicate an increase in 

muscle Ca2+ sensitivity as an adaption to accommodate an improvement in force production. 

Although further investigations would be needed to substantiate the mechanisms of this, we 

hypothesise that this is indicative of a muscle fibre change towards a slower, weaker 

phenotype. These data which show a state of chemotherapy-induced skeletal muscle 

dysfunction, weakness and fatigue are consistent with the sequalae observed in childhood 

chemotherapy survivors. Further, our findings here serve to suggest that the skeletal muscle 

dysfunction experienced by survivors is more likely underpinned by structural contractile 

dysfunction rather than a sole loss of muscle mass.  
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5.4.3 Chemotherapy-induced mitochondrial dysfunction: An underlying 
pathology of SMDW? 

 

Doxorubicin, an anthracycline class chemotherapy and key agent in BL-CHOP therapy, 

is directly metabolised within the mitochondria into its active form, removing electrons from 

the electron transport chain and producing ROS in the process (refer to Chapter 1, S1.4.1 for 

review). As mentioned previously, and above, it is these ROS that are believed to activate 

catabolic pathways within the skeletal muscle. Moreover, vincristine has also been implicated 

in elevated ROS production588. High levels of ROS have been shown to induce structural 

damage to mitochondrial enzymes, ultimately hindering their oxidative performance. 

159,220,589-592 Reductions in mitochondrial performance precedes reductions in skeletal muscle 

performance, particularly endurance and recovery capacity; as the powerhouse organelle of 

the cell cannot meet the energy requirements of the contractile tissue. With doxorubicin 

administration, together with clearly described deficits in skeletal muscle performance, 

mitochondrial dysfunction was expected. Skeletal muscle mitochondria from 12-week old BL-

CHOP treated mice exhibited a 44% decrease (p<0.05) in spare respiratory capacity – an 

indication that the mitochondria’s ability to meet energy demands during times of stress was 

impeded. In conjunction with the observed decrease in oxidative metabolic potential (-35% 

when compared to VEH, p=0.085), we suggest that BL-CHOP therapy (likely due to doxorubicin 

metabolism) inhibits the oxidative capacity of the mitochondria, and the ability of the muscle 

to defend metabolic stress. Although no clear link has been made here, a study investigating 

the effects of hepatic steatosis (which is indeed what was found here in CHOP treated mice) 

clearly linked the condition to defective mitochondrial respiration 593, further supporting our 
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hypothesis that CHOP therapy is acting to disrupt metabolic homeostasis and mitochondrial 

stress response capacity.      

 

 

5.5 Chapter summary  
 

 

In summary, these results demonstrate that the IMADF-modified CHOP therapy 

produces a clinically similar side-effect profile to that experienced in human patients. This 

highlights the BL-CHOP mouse model as an appropriate pre-clinical investigative tool upon 

which further investigations into how both the BL-CHOP sequalae can be induced, and how 

the regimen can be improved, can be conducted. This study also highlighted that nutritional 

deficit and long-term irregular glucose handling, likely driven by chemotherapy-induced 

gastrointestinal pathology, was an important and under-recognised driver of CI-SMDW. We 

also showed that characteristic CHOP therapy toxicity, underscored by cardiomyopathy, 

skeletal muscle dysfunction and atrophy, was concomitant with and likely underpinned by 

mitochondrial dysfunction.  

With these results, for the most part, replicating what was observed in Chapter 4 as a 

result of MB-LCV therapy, similarities between the two side-effect profiles can be drawn. 

Mitochondrial dysfunction is a clear mechanism which underpins the skeletal muscle 

dysfunction seen, which was present regardless of regimen or the involved chemotherapeutic 

constituents (as seen in Chapters 3-5, with ALL-POMP, MB-LCV and BL-CHOP regimens) . Thus, 
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targeting the mitochondria to afford protection to the organelles respiratory function may 

indeed prove therapeutic against CI-SMDW.   
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Chapter 6  

Therapeutic efficacy of Idebenone against 
chemotherapy-induced skeletal muscle 

dysfunction and wasting in Juvenile Mice 
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6.1 Introduction    
 

 

In Chapter 4 and 5, we have established that chemotherapy induces skeletal muscle 

dysfunction and wasting in both the Intervention Animal Model Development Framework 

(IAMDF) modified MB-LCV and BL-CHOP regimens in vivo. With the side-effect profile of these 

chemotherapy regimens mostly matching the reported side-effect profile of patients in the 

clinical setting, it is likely that the underlying molecular mechanisms of CI-SMDW are 

comparable. As highlighted earlier in this thesis, it is important to recognise that side-effects 

induced by the chemotherapy regimens can be both independent of and cumulative upon the 

sequalae induced by cancer. This is an important step in characterising the modes of action 

upon which they induce their debilitating side effects. With mitochondrial dysfunction 

seeming to underpin the skeletal muscle pathology seen in both the MB-LCV and BL-CHOP 

regimens, as well as the mitochondria being identified by us (and others) previously as a 

potential therapeutic target (as outlined in Chapter 1 and 2) using a targeted mitochondrial 

therapy to afford protection against chemotherapy-induced toxicity was decided upon. 

Further, by observing the effect of a pharmacological agent with a known mechanism of 

action which targets the mitochondria, the chemotherapy-induced mitochondrial dysfunction 

seen here could be better characterised.  

 

We have previously investigated the effects of a two-week, metronomic oxaliplatin 

(OXA) (a platinum based chemotherapeutic agent of similar molecular structure and mode of 

action as CDDP included in the LCV regimen) administration, on adult mice. We showed that 

two weeks (nine individual doses) of OXA administration induced a 15% (p<0.05) muscle mass 
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loss and increased mtROS production which was likely linked to the observed OXA-induced 

platinum accumulation within the mitochondria 159,160. These findings suggest that OXA can 

enter the mitochondria and induce dysfunction through platinum adduction of the mtDNA. 

We also established that Idebenone (IDEB), a synthetic Coenzyme Q10 (CoQ10) analogue 

291,292 (discussed in length in Chapter 1 S1.6.1), was an effective co-therapeutic which directly 

targeted the mitochondria and protected the organelle during the two-week chemotherapy 

regimen. When administered during OXA treatment, IDEB co-therapy not only protected 

against the observed OXA-induced mitochondrial dysfunction, but also protected against 

OXA-induced lean muscle loss in mice 272. Ultimately, however, the model used chemotherapy 

regimens which were not representative of clinically utilised treatments (i.e. single agents 

delivered in nine doses over two weeks), thus the results merely established IDEB as a 

potential candidate for future, more clinically relevant, pre-clinical animal studies. Moreover, 

OXA, in some instances, is no longer used as the gold standard treatment of paediatric cancers 

and is situationally replaced with CDDP, further highlighting the need for a modified, updated 

trial. As discussed in Chapter 1. S1.6.1, targeting the mitochondria to afford protection against 

chemotherapeutic insult, particularly by mediating ROS, could also theoretically provide 

downstream protection to the skeletal muscle. Although other co-therapeutics were 

identified in the literature review component of this thesis, IDEB was selected based on its 

mechanism of action and its potential to rectify the mitochondrial linked pathology as seen 

with both MB-LCV and BL-CHOP therapy by reducing mtROS and driving mitochondrial 

function. As both regimens induced mitochondrial dysfunction which was characterised by a 

reduced mitochondrial spare respiratory capacity, it was theorised co-treatment with a 

synthetic CoQ10 analogue would improve mitochondrial respiration by chaperoning electrons 

directly to the ETC (IDEB and its mechanism of action is discussed at greater lengths in Chapter 
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1, S1.4). Moreover, as IDEB is primarily thought to scavenge these electrons from ROS and 

other free radicals, concomitant therapy with IDEB should serve to increase both 

mitochondrial respiration and protect the mitochondria from elevated ROS which is 

characteristic of chemotherapy 1,159,160,239,272,588,590.  As elevated ROS has also been 

inextricably linked to muscle atrophy pathways 1,162,186,217,248,275,590,594-596, we hypothesise that 

concomitant treatment of IDEB with MB-LCV and BL-CHOP therapy will protect against the CI-

SMDW phenotype associated with both these regimens by improving mitochondrial function 

and protecting against CI-SMDW. Thus, in this chapter we aim to evaluate the efficacy of IDEB 

co-therapy as a therapeutic against CI-SMDW as induced by BL-CHOP and MB-LCV therapy. 

To do this, we will measure markers of skeletal muscle mass and function, mitochondrial 

function, as well as an assessment of overall toxicity of the regimens when delivered in 

concert with IDEB.  

 

 

 

6.2 Method 
 

Methods are as per Chapter 3, 4 and 5, unless otherwise stated below. All 

investigations as outlined in Chapter 4, S4.2.2 were performed here with no additions. 

Statistical analysis methods are as previously described in Chapter 4, S4.2.2.5.   

 

 

6.2.1 Animals 
 

All animal housing conditions are as previously described. Additionally, 40 balb/c mice 

were randomly allocated into either MB-LCV+IDEB or NHBL-CHOP+IDEB treatment groups 
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and housed in cages of 5 (henceforth referred to as MBi-LCV or BLi-CHOP groups). Originally, 

all mice were allocated to the 12-week time point with the aim of being culled for analysis on 

the last day of the regimen (D56 of treatment/D84 of life). Due to the lifelong sequalae 

associated with BL-CHOP treatment and the 100% survival rate to the 11-week time point in 

BLi-CHOP treated mice (BL-CHOP therapy alone resulted in an 87.5% survival rate to 12 

weeks), it was decided that 10 mice be continued up to 30 weeks of life. All MBi-LCV mice 

were culled at 12 weeks of age and analysed. Additional food mash was given to IDEB co-

therapy groups on the days corresponding with chemotherapy-only treated counterparts. As 

MBi-LCV induced greater toxicity than MB-LCV alone, mice which were considered unwell and 

required supplemental mash were isolated in a separate cage for feeding. Both MBi-LCV and 

BLi-CHOP groups are compared to MB-LCV and BL-CHOP data presented in Chapters 4 and 5 

respectively. VEH groups shown are the same as previous chapters.   

 

 

6.2.1.1 Treatment summary 
 

Following on from Chapter 4 and 5, this chapter includes the MB-LCV and BL-CHOP 

therapies with the addition of daily IDEB (100mg/kg/day) delivered in saline solution (0.9% 

sodium chloride in sterile water) via oral gavage for 56 days (the length of two chemotherapy 

courses). As DOX is reduced into its active semiquinone state within the mitochondria (refer 

to Chapter 1), we hypothesise that IDEB co-therapy would increase the rate of DOX 

metabolism into its active form due to IDEB’s highly reducing (antioxidant) nature. Since DOX 

exhibits rapid tissue uptake and an initial distribution half-life of 5 minutes 597,  IDEB was 
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administered 24 hours after DOX, on days 2-28 of the BL-CHOP course only (as described in 

Chapter 5, and Table 6.1 below).     

 

 

Table 6.1: Drug names, delivery modes and doses for selected BLi-CHOP and MBi-LCV regimens. 

  Drug Mode of delivery Delivery times Dose per delivery Total daily dose Days delivered 
per regimen 

BL
i-C

H
O

P 

Cyclophosphamide (CPM) 
Oral gavage 7-9am + 1-3pm 180.00 mg/kg 360.00 mg/kg 1-6 

Vincristine (VCR) 
Intraperitoneal injection 7-9am + 1-3pm 0.39 mg/kg 0.78 mg/kg 1,6 

Prednisone (PRED) 
Oral Gavage 7-9am + 1-3pm 11.81 mg/kg 23.62 mg/kg 1-6 

Doxorubicin (DOX) 
Intraperitoneal injection 7-9am + 1-3pm 2.60 mg/kg 5.20 mg/kg 1 

Idebenone (IDEB) 
Oral Gavage 7-9am 100mg/kg 100mg/kg 2-28* 

M
B-

LC
V 

Lomustine (CCNU) Oral gavage 7-9am + 1-3pm 11.07 mg/kg 22.14 mg/kg 1 

Cisplatin (CDDP) Intraperitoneal injection 7-9am + 1-3pm 11.07 mg/kg 22.14 mg/kg 2 

Vincristine (VCR) Intraperitoneal injection 7-9am + 1-3pm 0.22 mg/kg 0.44 mg/kg 2, 7,14 

Idebenone (IDEB) 
Oral Gavage 7-9am 100mg/kg 100mg/kg 1-28 

*Idebenone not administered on days where Doxorubicin is administered due to drug interactions (refer Chapter 1 and 1) 

 

  

 

6.2.2 Adaptions to mitochondrial analysis with the Seahorse XF24 
  

 As Idebenone seemed to reduce the ability for Antimycin A (a mitochondrial complex 

III inhibitor) to shut down the respiratory chain, we were unable to use the non-mitochondrial 

respiration (NMR) measure usually attributed to oxygen consumption after Antimycin A 

injection. To correct for this, the NMR measure was added to the measures of basal 

mitochondrial respiration, ATP-production associated oxygen consumption and proton leak 

associated oxygen consumption, as the Seahorse XF24 software automatically subtracts NMR 

from these measures. Although NMR was negligible in both the MB-LCV and BL-CHOP 

regimens alone, although unlikely, there is the potential that NMR was elevated with IDEB 

and that this was masked with our amendment. This is a notable limitation with our 
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mitochondrial investigations and one that has been discussed in the thesis limitations in 

Chapter 7.  

6.3 Results 
 

 

 

6.3.1 Effects of IDEB on survival rates in MBi-LCV and BLi-CHOP 
combination regimens 
 

 

Co-administration with BL-CHOP therapy mitigated chemotherapy associated 

mortality. Specifically, BL-CHOP 12-week survival was improved from 85.7% (42/49) to 100% 

(20/20) with adjuvant IDEB therapy, while 30-week survival was improved from 33% (10/30) 

to 100% (7/7) (p<0.05, RR=0.446, Figure 6.1). In contrast, adjuvant IDEB treatment with MB-

LCV increased mortality during the regimen, with two deaths occurring at week 1 and 3 during 

the first course of treatment (week 4 and 7 of life respectively, p=0.078, RR=1.1). Mice were 

visibly unwell, anaemic, and exhibited rapid weight loss in the days preceding death (mouse 

1: 12.5% loss of BW over 6 days; mouse 2: 5.7% loss of BW over 4 days, discussed previously 

in S4.3.2). The efficacy of adjuvant therapeutics when co-administered with chemotherapy 

regimens are often measured on whether they improve mortality rates. As such, co-

administration of IDEB with MB-LCV therapy was ceased at 12 weeks, with no mice 

proceeding to the 30-week endpoint.    
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Figure 6.1: Animal survival in response to (left) MB-LCV (MB) and MBi-LCV (MBi) therapy and, (right) BL-CHOP (BL) and BLi-
CHOP (BLi) treated mice at 12 and 30 weeks of age. Co-administration of IDEB exacerbated mortality in MB-LCV therapy but 
alleviates BL-CHOP associated mortality. A) MB-LCV n = 0/35 <12 weeks, n = 0/20 >12 weeks. MBi--LCV n = 2/20 < 12 weeks. RR=1.1 
B) BL-CHOP n = 7/49 <12 weeks, n = 20/30 >12 weeks. BLi-CHOP n = 0/20 <12 weeks, n = 0/7 > 12 weeks, RR=0.445. Non-survival 
event recorded as either ethical euthanasia or natural death. Data presented herein as deaths/total alive at end point. Significance 
via Log-rank (Mantel-Cox) test.  
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6.3.2 Effects of adjunct IDEB therapy on MB-LCV and BL-CHOP growth 
rates and food consumption  

 

 

Co-administration with IDEB increased the overall growth rates of mice throughout 

the treatment regimen particularly over the first 12 weeks as compared to base 

chemotherapy regimens (MBi-LCV +20%, p<0.0001 Figure 6.2; and BLi-CHOP 54%, p<0.0001 

Figure 6.3). Together with an elevated growth rate, IDEB administration with MB-LCV resulted 

in a greater loss of weight during the second round of therapy, with mice losing up to 29.9% 

of their body weight (MBi-LCV rate of weight loss during days 29-35 was 17%, where MB-LCV 

rate of weight loss was 5% over the same period, p<0.001, Figure 6.2). This effect was unique 

to the MBi-LCV treatment and was not replicated when IDEB was co-administered with the 

BL-CHOP regimen. Overall, IDEB co-therapy promoted greater growth when administered 

with mice ending the observation period with weights equal to or greater than VEH mice. 

Specifically, VEH mice at 12 weeks weighed +168% and MBi-LCV mice weighed +181% from 

their starting weight (VEH to MBi-LCV at D56 p>0.05, Figure 6.2).  VEH mice at 30 weeks 

weighed +203% and BLi-CHOP mice weighed +252% from their starting weight (VEH to BLi-

CHOP at D182 p<0.007, Figure 6.3).  

 

Curiously, total food consumption was decreased in MBi-LCV treated groups (in 

comparison to MB-LCV alone, ~-23%, p<0.0001) even though weight-gain was greater. Of 

note, MB-LCV mouse food consumption was significantly reduced by the second round of 

chemotherapy with a mean of 0.2g of food per animal consumed on day 35 (compared to 
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4.0g per animal in MB-LCV treatment alone, p<0.0001, Figure 6.4A).  This reduction in food 

consumption followed CCNU then VCR+CDDP administration on days 29 and 30, respectively.  

A similar effect of IDEB co-therapy was seen when combined with BL-CHOP therapy. 

Total food consumption decreased with adjunct IDEB therapy when compared to BL-CHOP 

therapy alone (BLi-CHOP ~-12% total food consumption when compared to BL-CHOP therapy 

by day 47, p<0.05 Figure 6.4B).  

 

  

Figure 6.2: Body weight as measured by percent change from starting weight in VEH (V), MB-LCV (MB) and MBi-LCV (MBi) treated 
mice. IDEB co-administration with MB-LCV therapy greatly improves weight-gain overall and during inter-treatment phases of therapy 
but elevates rate of weight-loss during active treatment. MB-LCV: n=39, MBi--LCV: n=18-20. Significance via RMANOVA with Tukey’s 
post-hoc, where #=0.066.    
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Figure 6.3: Body weight as measured by percent change from starting weight in VEH (V), BL-CHOP (BL) and BLi-CHOP (BLi) treated mice. Daily 
IDEB co-administration with BL-CHOP therapy greatly increases weight gain and weight maintenance over the lifespan. Mice co-treated with 
IDEB at the cessation of treatment (D56) were, on average, 36% heavier than their chemotherapy counterparts (p<0.0001) with this increase 
being maintained over the lifespan. Animals: <12 weeks BL-CHOP n=42-49, BLi: n=20, >12weeks BL-CHOP n=10-30, BLi-7. Significance via 
RMANOVA with Tukey’s post-hoc.  
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Figure 6.4: Food consumption (in grams per animal) in response to (A) MB-LCV (MB) and MBi-LCV (MBi) therapy and, (B) BL-CHOP 
(BL) and BLi-CHOP (BLi) treated mice. A) IDEB reduced overall food consumption over the 56-day period (MB-LCV: 16.6±1.0g, MBi-
LCV 12.9±1.9g p<0.0001), with major reductions observed over the active period of treatment during the second course of therapy. 
B) Although food consumption was only significantly different on 2 days, overall, IDEB co-therapy increased total food consumption 
over the duration of the course (BL-CHOP: 8.2±1.6g, BLi-CHOP 7.0±0.4g p<0.0001).  Nb: BL-CHOP groups were pair-fed with mash 
being added to BLi-CHOP groups to match their BL-CHOP counterparts. Thus, data from day 46 was excluded from this analysis. n (of 
cages) n = MB:7, MBi-LCV:4, BL:10, BLi:4. Data expressed as mean food consumed per cage divided by animals per cage in grams.
Significance via independent t-test with error as SD.        

A 

B 
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6.3.3 Micro-computed tomography analysis of hind-limb muscle mass in 
adjunct IDEB adjunct therapy with MB-LCV and BL-CHOP regimens 

 

 

Anti-neoplastic chemotherapeutic treatment options are often greatly limited, or 

contra-indicated, in patients with low lean mass. Moreover, anti-neoplastic treatment may 

well be withdrawn from patients who lose lean mass due to concerns of elevated treatment 

toxicity and reduced overall survival in these patients. The capacity for adjunct IDEB therapy 

to protect the skeletal musculature from atrophy is thus a key measure of its efficacy in this 

setting. In combination IDEB and MB-LCV therapy (MBi-LCV), tibial muscle mass was reduced 

by 23% (p<0.005, Figure 6.) when compared to MB-LCV therapy alone.   

 

Daily IDEB adjunct therapy in combination with BL-CHOP therapy (BLi-CHOP) showed 

far greater therapeutic promise. Adjunct IDEB therapy completely protected against BL-

CHOP-induced lean mass loss at both 12- and 30-week time points (Figure 6.). Specifically, the 

15% and 16% reductions in tibial lean mass seen at 12- and 30-week time points in BL-CHOP 

treated mice were completely abolished (p<0.05). Adjunct IDEB protected against lean mass 

loss induced by BL-CHOP therapy, maintaining lean mass values to that of age matched VEH 

treated animals.   
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Figure 6.6: Muscle volume as measured by µ-CT imaging of at the proximal 1/3 of the tibia in VEH (V), BL-CHOP (BL) and BLi-CHOP (BLi) treated 
mice at 12 and 30 weeks of age. BL-CHOP therapy significantly reduced muscle volume in the lower limb at both 12 and 30-weeks of age 
by 15% and 16% respectively (p<0.05). BL-CHOP treated muscle increased by 18% by 30-weeks of age (p=0.064) which was the same 
increase seen in VEH (18%, p<0.05). IDEB in combination with BL-CHOP therapy (BLi) protected against lean mass loss at 12 and 30 
weeks, maintaining lean mass values to that of age matched VEH treated animals. Representative images supplied. n=7-10 assessed 
by ANOVA with Tukey’s post-hoc test with error expressed as SD.        

 

Figure 6.5: Muscle volume as measured by µ-CT imaging of at the proximal 1/3 of the tibia in VEH (V),  MB-LCV (MB)and MBi-LCV (MBi) treated 
mice at 12 and 30 weeks of age. MB-LCV therapy alone did not impact muscular volume in the lower limb at either 12 or 30-weeks of 
age. IDEB  co-therapy with the MB-LCV regimen (MBi) induced a considerable loss in muscle mass of 23% (p<0.005) when compared 
to 12-week MB-LCV treatment alone. Representative images supplied. n=6-9 assessed by ANOVA with Tukey’s post-hoc test with error 
expressed as SD. 
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6.3.4 Effects of adjunct IDEB therapy on haematological and gross 
pathology induced by MB-LCV and BL-CHOP regimens 

 

 

In blinded gross pathology assessments of a sub-set of treated mice performed by 

veterinary pathologists (Cerberus Laboratory Animal Diagnostics, Melbourne, Australia), no 

significant pathology was observed in BLi-CHOP treated mice – suggesting IDEB protected 

against the mechanisms which induced the cardiomyopathy and hepatopathy seen in BL-

CHOP treated mice (namely right ventricular dilation, hepatosteatosis, hepatocellular 

swelling, oedema indicative of congestive heart failure when presenting in combination, see 

Table 6.2, refer Chapter 5, S5.3.1 for more details).  The visible absence of gastrointestinal, 

renal and hepatic pathology in BLi-CHOP treated mice, suggests IDEB has a significant 

protective effect on these systems (see Table 6.2). However, chemotherapy-induced 

increases to the kidney in BL-CHOP treated 12-week old mice was not alleviated by IDEB.  

 

At an organ and muscular level, MB-LCV chemotherapy-induced changes to SOL were 

not affected by IDEB adjunct therapy, however, IDEB did increase PLA and QUAD tissue to 

body weight ratios (~30% and 18% respectively when compared to MB-LCV therapy alone, 

p<0.05 Figure 6.7). Moreover, IDEB co-therapy increased liver:body weight ratio at 12-weeks 

(12% from MB-LCV, p<0.05, Figure 6.7) but protected against MB-LCV-induced 8% decrease 

in heart:body weight ratio (p<0.05, Figure 6.7). IDEB adjunct therapy had little effect when 

combined with the BL-CHOP regimen, aside from affording protection against the regimen’s 

propensity to increase TA size (p<0.05, Figure 6.8). 
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Haematologically, MBi-LCV treated mice showed an increased propensity to develop 

hypochromic (--22.85g/L compared to MB-LCV, p<0.05) microcytic (-2.75fl compared to MB-

LCV, p<0.005) anaemia with thrombocytopenia (-394.33x109/L compared to MB-LCV, p<0.05) 

which was not found at 12-weeks of age in MB-LCV therapy alone (refer Table 6.3). 

Interestingly, thrombophilia was evident at the 12-week (post therapy) time point (+330.33 

x109/L compared to VEH, p<0.05) also. As reported in Chapter 4 S4.3.3, MB-LCV therapy 

tended to decrease heart wet weight (p=0.0629) which IDEB therapy protected against. 

Unfortunately, haematological investigations of BLi groups were not completed due to 

experimental error.     

Overall, IDEB co-administration was not associated with any significant unmanageable 

organ-pathology and, most importantly, alleviated gross pathology in both 12- and 30-week 

BL treated mice.   
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Table 6.2: Pathological observations of VEH (V),  MB-LCV (MB), MBi-LCV (MBi), BL-CHOP (BL) and BLi-CHOP (BLi)  treated mice during 
necropsy at 12 and 30 weeks of age. Abbreviations: RV: Right ventricle, S: Intraventricular septum, LV: Left ventricle, GIT: 
gastrointestinal tract, +: pathology observed. 

   

Tr
ea

tm
en

t 
gr

ou
p 

M
ou

se
 

Pathology observed 

Cachectic 
appearance 

Perianal faecal 
staining 

Ascites 

interstitial 
lym

phoblastic 
infiltration 

 

RV:S:LV 

Thinning &
 

dilation of RV 
m

yocardium
 

RV M
yocardial 

inflam
m

ation 

Cholangitis 

H
epatosteatosis 

H
epatocellular 

sw
elling 

Renal 
hydronephrosis 

Basophilic renal 
tubules 

G
IT inflam

m
ation 

V12 

1     1:6:6 +    +    
2     1:6:5 +    +    
3     1:4:4   +  +    
4     1:4:4     +    
5     1:5:5     +    

M12 

1     1:6:4   +  +  +  
2     1:4:4     +  +  
3    + 1:6:6   +  +    
4     1:5:5     +    

Mi12 

1     1:2.5
:2 

        

2     1:5:5       +  
3     1:5:5       +  
4     1:3:3       +  
5     1:5:4         

BL12 

1     1:4:3 +  +  +   + 
2     1:4:3 +  +  +   + 
3 + +   1:4:4 +  +  + +  + 
4 + +   1:5:5 +  +  +   + 

BLi12 
1     

1:3:2
.5 

        

2     1:5:5  +       
3     1:3:3         

V30 

1     1:5:5     +    
2     1:4:5   +      
3     1:3:4         
4     1:3:4         

BL30 

1 + + +  1:2:2         
2 + + +  1:2:3  +  +  + +  
3   +  1:4:5  +  +  + +  
4     1:4:3    +     
5   +  1:4:3    +     

BLi30 
1     1:5:6         
2     1:4:6  +       
3     1:5:5         
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Table 6.3: Haematological (count and smear) and biochemical investigations in MB-LCV (BL) and MBi-LCV treated mice at 
12. Data expressed as difference between MBi-LCV mean and MB-LCV mean (with MBi group SD). UA: Unavailable due to low 
sample blood levels. $: often expressed together with globulin levels, globulin level measurement was UA. n=2-5. NC: not 
calculatable due to values being identical in each group  

 

 

  Measure ΔMBi12 ±SD Sig (p) 
Red cell count (RCC) (x1012.L-1) -1.75 0.13 <0.05 

Haematocrit (HC) (L.L-1) -10.85 1.67 <0.05 
Haemoglobin (Hb) (g.L-1) -22.85 3.85 <0.05 

Mean corpuscular volume  (MCV) (fl) -2.75 1.22 <0.005 
Mean corpuscular haemoglobin (MCH) (pg) 0 0 n.c 

MCH concentration (MCHC) (g.L-1) 22.45 5.36 <0.001 
Platelet count(x109.L-1) -394.33 127.19 <0.005 

Total white cell count  (x109.L-1) 1.82 2.64  
Segmented neutrophils  (x109.L-1) 0.43 0.67  
Total lymphocyte  count(x109.L-1) 0.83 2.2  

Monocyte count  (x109.L-1) 0.14 0.28   
   

Total Protein  (g.L-1) -2.87 6.53  
Albumin (g.L-1) ($: see note in figure legend) UA UA - 

Urea  (mmol.L-1) -2.01 1.05  
ALT (mmol.L-1) 94.4 302.6  
AST  (mmol.L-1) UA UA - 

AST:ALT UA UA - 
Creatine Kinase  (mmol/.L-1) 182.42 372.00  

Figure 6.7: Organ and tissue wet weight changes (corrected for animal body weight in g/g) in VEH (V) and MB-LCV (MB) and MBi-LCV 
(MBi) treated mice as of 12 and 30 weeks of age. IDEB adjunct therapy increased PLA and QUAD muscle:body weight by ~30% and 18% 
respectively when compared to MB-LCV therapy alone. IDEB also protected against MB-LCV-mediated reductions in heart:BW weight (an 
initial reduction of 8%), and induced hepatomegaly at 30-weeks of age (12% from MB-LCV, 24% from VEH). Adjunct IDEB therapy 
corrected cardiac atrophy at 12 weeks(p<0.005). Abbreviations: EDL: Extensor digitorum longus m., SOL: Soleus m., TA: Tibialis Anterior 
m., PLA: Plantaris m., QUAD: Quadriceps complex. Significance via ANOVA with Tukey’s post hoc, where # p=0.062 and ## p=0.082.  
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Figure 6.8 Organ and tissue wet weight changes (corrected for animal body weight in g/g) in VEH (V) and VEH (V), BL-CHOP (BL) and 
BLi-CHOP (BLi) treated mice at 12 and 30 weeks of age. Muscle and organ wet weight post excision during necropsy shows acute 
increases in TA and QUAD weight:BW ratio (p<0.05) and increases in KID size (p=0.079) at 12 weeks, all of which was corrected by 30-
weeks of age (+18%, 41% and 20% respectively). PLA muscle size alone increased by 30weeks by 12.5% (p<0.05). IDEB adjunct therapy 
attenuated chemotherapy-induced TA changes (p<0.05) but failed to attenuate changes in PLA, QUAD or KID. Data corrected for 
bodyweight of mouse at time of necropsy and is expressed as wet weight of tissue over the mouse’s body weight (g/g). n= 4-11. 
Abbreviations: EDL: Extensor digitorum longus m., SOL: Soleus m., TA: Tibialis Anterior m., PLA: Plantaris m., QUAD: Quadriceps 
complex.   
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6.3.5 Effects of adjunct IDEB therapy on glucose handling when delivered 
with MB-LCV and BL-CHOP regimens 

  

 

In normal physiological states, blood glucose levels are tightly regulated by a raft of 

measures; including the mitochondria. In states of mitochondrial dysfunction, particularly in 

those that are charactersised by a diminshed ability to effectively utilise glucose substrates 

(such as a reduced metablic flexibility seen in Chapter 4 and 5), a decline in mitochondrial 

energy output will often result in an insulin-mediated increase in cellular glucose uptake 598. 

Over time, this can manifest into a state of insulin resistance, increasing endogenous blood 

glucose levels and reducing gluocse uptake rates 599. MB-LCV therapy on its own was not 

found to cause any major abnormalities in glucose handling, though co-administration with 

IDEB increased glucose uptake rates in 8-week old mice by an average of 11% over the time 

course (Figure 6.9A, p<0.0001). In contrast, the co-administration of IDEB with BL-CHOP 

therapy reduced endogenous glucose production by 2.7mmol/L (-34%, Figure 6.10C, 

p<0.0001) as well as . No other significant effects of IDEB co-therapy on glucose handling was 

observed at any other time point for the other treatment groups.  
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Figure 6.9: Changes in blood glucose levels (mmol/L) as in response to weight standardised glucose injection in VEH (V), MB-
LCV (MB)  and MBi-LCV (MBi) treated mice at 8 and 12 weeks of age. A) glucose uptake at 8-weeks was significantly increased 
in MBi-LCV mice when compared to MB-LCV treated mice which was resolved by 12 weeks of age (B). n=10 for all groups. 
Significance for time course (A,C) assessed by RMANOVA with Tukey’s post-hoc with error expressed as SD. Significance shown 
on time course graphs denotes difference between MB-LCV and MBi-LCV (A,C).  

A 

B 
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Figure 6.10 Changes in blood glucose levels (mmol/L) as in response to weight standardised glucose injection in VEH (V), 
MB-LCV (MB)  and MBi-LCV (MBi) treated mice at 8 and 12 weeks of age. A) IDEB caused an acute decrease in endogenous 
glucose production in BL-CHOP treated 8-week old mice which was resolved by D) 12 weeks of age with no differences 
between BL-CHOP and BLi-CHOP groups throughout the lifespan there after. Error expressed as SD. Significance shown on 
time course graphs denotes difference between BL and BLi (A,B,C). 

A 

B 

C 
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6.3.6 Effects of adjunct IDEB therapy on grip strength when delivered 
with MB-LCV and BL-CHOP regimens 

 

 

  As both chemotherapy regimens used in the previous chapters showed clear signs of 

CI-SMDW, whether IDEB could protect against the reduction in muscle strength and lean mass 

is an important step in determining its therapeutic value in this setting. Using a purpose built 

grip strength platform, we measured the effect of both the MB-LCV and BL-CHOP 

chemotherapy regimens on mouse grip strength at 8, 12 and 30-weeks of age with and 

without IDEB adjunct therapy.  

 

MB-LCV therapy with or without IDEB did not induce changes in strength at 8 or 12 

weeks of age when compared to VEH (Figure 6.11, left, refer to Chapter 4, S4.3.5 for more on 

MB-LCV effects). IDEB therapy in co-administration with the BL-CHOP regimen (Figure 6.11, 

right) improved strength in 12-week-old BL-CHOP treated mice (+16.5%, p<0.005), and 

returned grip strength to VEH levels at 12- and 30- weeks. Surprisingly, IDEB co-therapy 

exacerbated the loss of force output seen at 8-weeks (-11.4%, p<0.05) suggesting a higher 

cumulative dose of IDEB is required for therapeutic action than what was received by 8 weeks, 

or, the mechanisms by which IDEB aids strength recovery, takes time to reach a therapeutic 

threshold.  
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Figure 6.11: Changes in bodyweight corrected grip strength in response VEH (V), MB-LCV (MB)  and MBi-LCV (MBi) treatment (left) 
and BL-CHOP (BL) and BLi-CHOP) treatment (tight) in mice at 8, 12 and 30-weeks of age. (left) IDEB therapy afforded no improvements 
in strength when co-administered with the MB-LCV regimen. (right) no change to 8 week strength was observed, however significant 
improvements to grip strength was noted thereafter. Group n = 20 (where BL-CHOP at 30 weeks = 10, and BLi=7).  Significance via 
RMANOVA (mixed-effects analysis) with Tukey’s post hoc.  
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6.3.7 Effect of IDEB on muscle contractile function with IDEB when co-
administered with MB-LCV and BL-CHOP therapies  

 

 In the previous chapters we have shown that both the MB-LCV and BL-CHOP regimens 

induce skeletal muscle dysfunction; which was characterised by significant reductions in force 

output and recovery capacity which largely manifested later in life, long after chemotherapy 

had ceased (as measured in EDL and SOL muscles, refer Chapter 4: S4.3.7.1 and Chapter 5: 

S5.3.8.1). To assess IDEB’s therapeutic efficacy against chemotherapy-induced skeletal 

muscle dysfunction (by targeting the underlying mitochondrial dysfunction induced by both 

regimens), ex vivo evaluation of muscle contractile properties and function in chemotherapy-

treated mice (MB-LCV and BL-CHOP) with and without IDEB was performed.  

 

 

6.3.7.1 Contractile properties in MBi-LCV treated EDL and SOL muscle 
 

Functional parameters of the EDL and SOL were assessed after they were harvested 

from mice treated with either MB-LCV or BL-CHOP chemotherapy with and without IDEB 

adjunct administration. MB-LCV chemotherapy induced no effect on muscle parameters aside 

from elevated muscle cross-sectional area (CSA) (refer Chapter 4, S4.3.7.1 for results). IDEB 

co-therapy did not affect CSA, however, the adjunct did act to reduce the Lo of both the EDL 

and SOL by 21% and 19% ,respectively (p<0.001, Figure 6.12C, D). Optimal length is 

determined as the length at which the muscle produces its maximal force. As IDEB reduced 

this measure in a non-fibre type specific manner, it is likely that the contractile apparatus 

itself undertook structural change. Specifically, a shorter apparatus length was needed in IDEB 



278 
 

treated muscle to achieve optimal actin/myosin overlapping and thus peak force output. IDEB 

co-therapy also significantly increased the twitch to tetanic contractional force ratio (Pt/Po) 

by 29.4% (p<0.05) and 103.1% (p<0.0001 ) for EDL and SOL, respectively (Figure 6.12E, F). As 

discussed in previous chapters (Chapter 4, S4.3.7.1 and Chapter 5, S5.3.8.1), this suggests a 

decrease in sarcoplasmic Ca2+ releasing and re-uptaking capacity between subsequent 

contractions of a tetanic contraction, resulting in a lowered overall tetanic force 600. If this is 

indeed the case, the observed reductions in absolute (EDL -68%, p<0.05 and SOL -78%,  

p<0.001, Figure 6.13 A & B) and specific force  (69%, p<0.005 and 74% p<0.001 Figure 6.13 C 

& D) in both the EDL and SOL muscle serve to support this. These data further support our 

theory that the functioning of contractile apparatus itself in IDEB treated MB-LCV mice was 

compromised.  



279 
 

 

  

A B 

C D 

E F 

Figure 6.12: Cross-sectional area (CSA), optimal length (Lo) and peak twitch to tetanic ratio (Pt/Po) of the fast-twitch 
extensor digitorum longus (EDL) and slow-twitch soleus (SOL) muscles of vehicle (VEH), MB-LCV (MB) and MBi-LCV  
treated mice at 12 and 30 weeks of age. MB-LCV therapy increased CSA at 12 weeks by 13.8% and 20.6% in EDL m. and 
SOL m. respectively (p<0.05) of which IDEB showed no effect (A & B). IDEB co-therapy significantly reduced both EDL and 
SOL Lo (-21.0% p<0.001, C & -19.0% p<0.005, D from MB-LCV). IDEB also significantly elevated Pt/Po in both EDL and SOL 
muscle by 29.4% and 103.1% respectively (p<0.05, E & p<0.0001, F from MB-LCV). n=4-10 assessed by ANOVA with 
Tukey’s post-hoc test with error expressed as SD.  
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A B 

C D 

Figure 6.13: Absolute and specific force production of the fast-twitch extensor digitorum longus (EDL) and slow-twitch 
soleus (SOL) muscles from vehicle (VEH), MB-LCV (MB) and MBi-LCV treated mice at 12-weeks of age. MB-LCV therapy on 
its own did not change measures of absolute or specific force when compared to VEH. IDEB co-therapy significantly reduced 
absolute force in both EDL and SOL muscle by 68% (p<0.05) and 78% (p<0.001) respectively (A & B). A similar decline was 
seen in specific force with MBi-LCV treatment causing a 69% (p<0.005) and 74% (p<0.001) reduction in EDL and SOL muscle 
respectively (C & D). n=4-10 assessed by ANOVA with Tukey’s post-hoc test with error expressed as SD.  
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6.3.7.2 Force-frequency relationship in MBi-LCV treated EDL and SOL 
muscle  

 

To investigate the relationship between force produced and strength of the stimuli 

delivered, muscles were stimulated at increasing frequencies and the force produced from 

the tetanic contraction measured. No effect was seen in MB-LCV therapy alone, however, 

IDEB co-therapy significantly reduced raw force produced by both the EDL and SOL. at all 

frequencies (refer Figure 6.14A,D with significance tabulated in C & F) levels . Although this 

did not affect the force-frequency relationship when corrected for maximal force, suggesting 

muscle force production increased in similar proportions to the increases in stimuli frequency. 

IDEB co-therapy did, however, considerably truncate both EDL and SOL ability to response to 

increasing stimuli, with no EDL capable of withstanding stimuli above 120hz, or the SOL m. 

above 80Hz. A decrease of 60hz and 100hz respectively from MB-LCV treatment alone. 



282 
 

  

  

Figure 6.14: The force-frequency relationship of the fast-twitch extensor digitorum longus (EDL) and slow-twitch soleus (SOL) muscles 
from vehicle (VEH), MB-LCV (MB) and MBi-LCV treated mice at 12-weeks of age. Muscle stimulation was of 500ms in tetanic length 
with consecutive 0.2ms pulses at 10, 30, 50, 80, 100, 120 and 150 Hz. MB-LCV therapy alone did not elicit an effect on the relative force 
frequency relationship in either muscle when corrected to maximal force produced (relative force, B & E). IDEB co-therapy induced a 
leftward shift in the raw force to frequency relationship in both EDL and SOL, with the muscle producing significantly less force at 80, 
100 and 120Hz in the EDL muscle (C) and at all registered forces in the SOL muscle (F). N=3-10. Relationship significance assessed by 
two-way ANOVA with Tukey’s post-hoc test with error expressed as SD. n.s.= not significant. n.c = statistics not calculatable due to small 
n.  
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E D 

C 
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6.3.7.3 Fatigue properties in MBi-LCV treated EDL and SOL muscle  
 

An important yet debilitating sequalae of CI-SMDW is the considerable decline in 

endurance and recovery capacity, which causes significant impact on patient quality of life 

144,587.  In Chapter 4; S4.3.7.3 we showed MB-LCV therapy alone did not induce any 

considerable changes to the fatiguability or recovery capacity of 12-week mice. IDEB co-

therapy significantly increased the rate of fatigue in EDL which was observable from 40s and 

produced forces at levels of only 20% of VEH and MB-LCV alone (refer Figure 6.15C for 

significance). MBi-LCV treated EDL was seen to recover at a normal capacity in the first 10 

min, but force production fell to 50% after 30min recovery, with no force produced by 60min 

(p<0.005). Considering IDEB treatment in combination with the MB-LCV regimen acts to 

reduce absolute force, likely through aberrant Ca2+ handling (as discussed in S6.3.6.1), an 

extended exercise bout (by way of repeated contractions) would only amplify the dysfunction 

seen in singular contractions (EDL and SOL Pt/Po, Figure 6.15E, F). As Ca2+ release and 

reuptake are imperative to initiate, maintain and relax contractions, dysfunction here is likely 

the reason for increased rates of fatiguability and poor recovery in both the EDL and SOL 

muscle.   
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Figure 6.15: Effect of MB-LCV therapy on fatiguability and recovery capacity in fast-twitch extensor digitorum longus (EDL) and 
slow-twitch soleus (SOL) muscles from vehicle (VEH), MB-LCV (MB) and MBi-LCV (MBI) treated mice at 12-weeks of age. IDEB co-
therapy with MB-LCV increased rate of fatigue in EDL muscle from 40s and, although rate recovery of recovery was normal in the first 
5-10m, thereafter no increases in force was observed until no force production was detected (A, p<0.0001, refer C for significance). 
Only n=1 MBi-LCV treated SOL muscle completed the fatigue/recovery protocol thus significance is unavailable. However, recovery 
was notably poor from 10m onwards (similar to EDL) with force progressively lost thereafter until no force production was detected 
(B). Statistics pertaining to A) seen in C). n.s.= not significant. u.a. = statistics incalculable. n=4-10 where MBi SOL =1.  

A B 
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6.3.7.4 Contractile properties in BLi-CHOP treated EDL and SOL 
muscle  

 

In a similar manner to MBi-LCV co-therapy, there was no influence of BLi-CHOP co-

therapy on CSA (Figure 6.16A-B). Unlike IDEB’s actions with MB-LCV, when co-administered 

with BL-CHOP, no change beyond what was elicited by the chemotherapy alone was noted at 

12-weeks in either Lo or Pt/Po measures (Figure 6.16C-F). However, by 30-weeks, IDEB tended 

to truncate the BL-CHOP mediated increase in Lo (-9.5% from BL-CHOP, p=0.0508) albeit not 

back to VEH levels. This suggests that the structural changes induced by the regimen persisted 

(namely an initial decrease followed by an increase in Lo). This is interesting, since Lo in VEH 

treated EDL reduced between 12- and 30-weeks of age by close to 15% (Figure 6.16C, 

p<0.005), a process reversed by and likely linked to, the damaging effects of anthracycline 

activity on the skeletal muscle (refer Chapter 1: S1.3 and Chapter 5: S5.4.2). Functionally, IDEB 

co-therapy was uninfluential on the Pt/Po relationship. However, by 30-weeks of age IDEB 

treatment caused a significant decline in Pt/Po ratio in both EDL (by 39.5%; Figure 6.16E, 

p<0.001) and SOL (by 30.0%; Figure 6.16F, p<0.005) suggestive of improved Ca2+ handling 

within 30-week co-treated muscle.  

 

Further assessment of muscle function post IDEB co-therapy showed IDEB consistently 

caused a fibre-type specific reduction in absolute force at 12-weeks in EDL (-59% from BL-

CHOP, p<0.05; Figure 6.17A). This was concomitant with a fall of 54% in specific force 

(p<0.0001; Figure 6.17C) suggesting the fall in force was due to physiological dysfunction and 

not due to a loss of muscle (corroborated by CSA measures where no change with IDEB co-

therapy was observed in EDL at 12 weeks, Figure 6.16A ). At 30-weeks, IDEB rescued force 
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production by 50% (p<0.05, Figure 6.17C) which was independent of changes in muscle size 

(refer Figure 6.17A and Figure 6.17C). Beyond the effect of BL-CHOP therapy on its own, IDEB 

showed minimal effect on the SOL at either time point, suggesting its mechanism of action 

largely effects the fast-twitch and largely glycolytic EDL.    
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Figure 6.16 Cross-sectional area (CSA), optimal length (Lo) and peak twitch to tetanic ratio (Pt/Po) of the fast-twitch extensor 
digitorum longus (EDL) and slow-twitch soleus (SOL) muscles of vehicle (VEH), BL-CHOP (BL) and BLi-CHOP (BLi) treated mice at 
12 and 30 weeks of age. BL-CHOP therapy induced an EDL specific increase in CSA by 20% (p<0.05) (A) with IDEB showing no 
significant effect on this increase in EDL (A). Neither treatment influenced SOL CSA (B). EDL Lo was decreased by 26% at 12 weeks 
and, interestingly, increased by 26% at 30 weeks when compared to time-controlled VEH samples. IDEB showed a propensity to 
truncate this change by 30-weeks (C, -9.5% from BL-CHOP, p=0.0508). SOL Lo followed a similar trend, increasing by 5.5% between 
12- and 30-weeks (p<0.05) which was increased by 20% in IDEB co-treated mice (D, p<0.05). EDL m. (p=0.061) and SOL m. (p=0.058) 
Pt/Po tended to increase in response to BL-CHOP when compared to VEH at 12-weeks with IDEB having no effect on this parameter. 
At 30-weeks, IDEB co-therapy significantly reduced Pt/Po when compared to VEH by 39.5% in EDL and 30.0% in SOL m. (EDL 
p<0.001, SOL p<0.005). n=3-10. Significance assessed by ANOVA with Tukey’s post-hoc test with error expressed as SD where 
(C)#:p=0.0508, (E)#:p=0.061,  (F)#:p=0.058, ##:p=0.068. 
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Figure 6.17: Absolute and specific force production of the fast-twitch extensor digitorum longus (EDL) and slow-twitch soleus 
(SOL) muscles from vehicle (VEH), BL-CHOP (BL) and BLi-CHOP treated mice at 12- and 30-weeks of age.  BL-CHOP treatment 
alone had no statistically significant effect on absolute or specific force production in EDL or SOL at 12 weeks of age, however, 
IDEB significantly reduced absolute force by 59% in EDL m. (p<0.05 compared to BL-CHOP). A similar effect on specific force was 
seen in both muscles with a -29% (p<0.05) and -54% (p<0.0001) reduction in SOL and EDL respectively.    

Both measures were negatively affected by chemotherapy at 30-weeks when compared to VEH with EDL and SOL absolute force 
reduced by 85% (p<0.0001) and 55% (p<0.05) respectively. IDEB co-therapy truncated this reduction in EDL m.  by 50% (p<0.05) 
with a concomitant 73% reduction in specific force (p<0.05). Co-therapy did not affect SOL absolute or specific force. n=3-10. 
Significance assessed by ANOVA with Tukey’s post-hoc test with error expressed as SD where #:p=0.088and ##:p=0.054.  
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6.3.7.5 Force-frequency relationship in BLi-CHOP treated EDL and 
SOL muscle 

 

Briefly, BL-CHOP therapy alone elicited a largely glycolytic (fast) fibre type dependent 

pathology, with a leftward shift in the force-frequency curve (significant changes of 230% at 

10Hz, 240% at 30Hz and 159% 50Hz compared to VEH, Figure 6.18A,B,C) which manifested as 

a significant reduction in force output at all stimuli by 30-weeks, with poorer performance at 

lower stimuli levels (significant percent decreases of 45% at 30Hz, 52% at 50Hz, 20% at 80Hz 

and 8% at 100Hz from VEH, Figure 6.18G,H,I). In SOL, on the other hand, there was a 

significant decrease in the muscles ability to withstand the protocol at 12-weeks, as BL-CHOP 

treated SOL muscles were unable to withstand stimuli above 80Hz (Figure 6.18, refer to 

Chapter 5; S5.3.8.2 for further discussion) but no significant differences were seen in this 

muscle at 30-weeks in BL-CHOP therapy alone. 

 

At 12-weeks, IDEB co-therapy protected against BL-CHOP-induced changes in absolute 

force, normalising values to VEH levels (Figure 6.18A,B,C). IDEB, however, failed to improve 

SOL contractile apparatus resilience at this time point (Figure 6.18D,E,F), as a large number of 

muscles still failed to complete the fatigue-recovery protocol. At 30-weeks, IDEB afforded 

some protective capacity against the significant fall in absolute force production at most 

frequency levels induced by BL-CHOP therapy, improving force output by 4 to 6-fold (at 

frequencies 50-150Hz, Figure 6.18G,I). However, no effect on the EDL m. relative force-

frequency curve was seen at 30-weeks (Figure 6.18H), suggesting that treatment did not 

affect how the muscle responds to stimuli. Overall, IDEB provided some protection against 

the largely fast-twitch fibre dependent pathology induced by BL-CHOP therapy. Consistent 



290 
 

with improved absolute force observed in the previous section (S6.3.5, Figure 6.17A), force 

production at most frequency levels was improved by IDEB.   
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Figure 6.18: Effect of BL-CHOP therapy on absolute and relative force frequency relationship in fast-twitch extensor digitorum longus 
(EDL) and slow-twitch soleus (SOL) muscles from vehicle (VEH), BL-CHOP (MB) treated mice at 12- and 30-weeks of age. 
Chemotherapy induced a 2-fold increase in force production at 50Hz and 80Hz in 12-week EDL m. (A, statistical significance for absolute 
force-frequency in C) but did not change the relative force curve. IDEB corrected this and returned values to VEH levels. Neither BL-
CHOP chemotherapy or IDEB co-therapy afforded an effect on SOL m. at 12-weeks (D-F). Changes induced by BL-CHOP therapy by 12-
weeks, manifested by 30-weeks, with absolute force values ~10-fold lower than VEH at all stimuli frequencies (p<0.001, G) with a 
considerable shift in the relative force-frequency curve to the right (H). IDEB served some protection against a drop in absolute force, 
with force production significantly improved from 50-150Hz by 4 to 6-fold.(G, I) though did not correct the rightward shift in the relative 
force-frequency curve (H). Adjunct IDEB therapy provoked no further changes in SOL muscle compared to BL-CHOP alone (J-K). Of note
only one VEH sample at 30 weeks produced forces above 100Hz. Significance tables based on absolute forces (C,F,I,L). Relative forces 
presented were normalised to the greatest force produced for that muscle and data presented as mean ± SD. n=3-10. Significance 
assessed by two-way ANOVA with Tukey’s post-hoc test with error expressed as SD.  n.s.= not significant. n.c = stastics not calculatable 
due to small n.  
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6.3.7.6 Fatigue properties in BLi-CHOP treated EDL and SOL muscle  
 

BL-CHOP therapy significantly affected skeletal muscle recovery in EDL and SOL when 

administered alone. Specifically, EDL and SOL at 12-weeks of age failed to recover after the 

fatigue protocol (with recovery defined as an improvement in force output from previous 

contraction after a rest period). We have already established that BLi-CHOP therapy increases 

skeletal muscle size but does not proportionally increase force production (Figure 6., Figure 

6.17A-D). With increased size of the musculature being of clinical importance for treatment 

options, whether IDEB improved fatigue and/or recovery capacity in the muscle would have 

a direct positive, and profound, impact on patient quality of life. IDEB showed no ability to 

reduce the rate of fatigue or improve recovery in EDL at either time point (Figure 6.19A, C) 

but did, however, vastly improve mechanical resilience of SOL at 30 weeks – greatly improving 

the muscles ability to withstand the fatigue protocol as well as returning fatigue and recovery 

values to that of VEH (Figure 6.19D).    
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Figure 6.19: Effect of BL-CHOP therapy on fatiguability and recovery capacity in fast-twitch extensor digitorum longus (EDL) and 
slow-twitch soleus (SOL) muscles from vehicle (VEH), BL-CHOP (BL) and BLi-CHOP treated mice at 12- and 30-weeks of age. IDEB 
co-therapy afforded no protection against BL-CHOP therapy-induced muscular dysfunction at 12-weeks of age, with both EDL and 
SOL muscle showing a considerable decline in recovery capacity, ultimately failing to respond to any stimuli (like BL-CHOP treated 
muscle). At 30-weeks, IDEB co-therapy showed no change to muscle fatigue and recovery parameters in EDL BL-CHOP treated 
muscle. Remarkably, however, co-treatment with IDEB completely reversed BL-CHOP therapy-induced dysfunction in SOL m. No BL-
CHOP treated SOL m. could withstand the protocol, however, IDEB co-therapy protected SOL m. against this sequalae and returned 
fatigue and recovery measures to VEH levels. Significance in B between BL-CHOP (BL) and BLi-CHOP (BLi). For VEH to BL data refer 
to Chapter 5, s5.3.8.3, Figure 5.13.  

A B 

C D 
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6.3.8 Effect of IDEB co-therapy BL-CHOP regimen on fibre size and 
distribution in Tibialis Anterior muscle.   

 

 

In previous sections we have shown that IDEB co-therapy significantly effects muscle 

size, whether that be a reduction with MBi-LCV or an increase with BLi-CHOP therapy. To 

quantify whether this is attributed to muscle-fibre hypertrophy, or increases in intermuscular 

tissue (such as fat, connective tissue, fibrosis), histological assessment of Tibialis Anterior 

muscles harvested from treated mice was performed using a standard H&E stain (refer 

Chapter 4, S4.2.2.3 for method).    

 

MB-LCV therapy alone induced no change to Tibialis Anterior (TA) muscle fibre size, or 

fibre distribution, with co-administration of IDEB also failing to induce an effect (Figure 6.20). 

BL-CHOP therapy, on the other hand, significantly reduced muscle fibre size by ~17% at 12-

weeks and 6% at 30-weeks of age (p<0.0001, Figure 6.21B). IDEB co-therapy truncated the 

reduction of fibre size seen at 12-weeks by abrogating the loss to 9.8% (p<0.0001). IDEB co-

therapy, however, exacerbated BL-CHOP-induced reductions in fibre size at 30-weeks by a 

further ~4% (p<0.005 from BL-CHOP, Figure 6.21B). These reductions in mean fibre size at 

both 12- and 30-weeks were reflected in the fibre size distribution with BL-CHOP treated TA 

muscle, both with and without  IDEB, showing a propensity to house a greater number of 

smaller muscle fibres with statistically significant reductions in the 1200 µm2 (p<0.005), 1500 

µm2 (p<0.05), 2700 µm2 (p<0.001)and 3000 µm2 (p<0.01) bins (Figure 6.21C-E).  
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Figure 6.20: Effect of MB-LCV therapy on muscle fibre cross-sectional area (CSA) in tibialis anterior (TA) muscles from vehicle (VEH), 
MB-LCV (MB) and MBi-LCV (MBI) treated mice at 12-weeks of age. A) representative images of H&E stained TA muscle B) IDEB co-
therapy showed no effect on TA muscle CSA C+D) IDEB did not induce any significant changes in TA CSA from MB-LCV or VEH levels
Significance via 2-way ANOVA with Tukey’s post-hoc test with data in C) presented as the cumulative fraction of fibre distribution with
error removed for ease of viewing.  
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Figure 6.21: A) IDEB co-therapy protects against acute but exacerbates long-term chemotherapy-induced skeletal muscle fibre atrophy in TA muscle. 
B) representative images of H&E stained TA muscle. C+D) IDEB co-administration shifts fibre frequency to the right at 12-weeks with an increased number 
of larger fibres (rightward skew) with BLi30 less larger fibres but a similar curve of distribution. n=4-5 (with ~600 fibres per n for segment A). Significance 
via 2-way ANOVA with Tukey’s post-hoc test where #=0.0523. D) Data presented as the cumulative fraction of fibre distribution with error removed for 
ease of viewing.   
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6.3.9 The effect of IDEB co-therapy with MB-LCV and BL-CHOP therapy on 
mitochondrial function 

 

 

IDEB co-therapy was selected due to its ability to scavenge cellular electrons and 

deliver them to the mitochondria. As previously discussed, IDEB has been reported to oxidise 

cytosolic ROS and deliver those electrons directly to the succinate dehydrogenase enzyme of 

the electron transport chain of the mitochondria 298. Importantly, chemotherapy regimens, 

regardless of class, have been shown to elevate cellular ROS levels 1,111,254,277 and,  although 

ROS induces many effects within the cell, these molecules have a profound effect on skeletal 

muscle growth and atrophy pathways and, when in high enough concentrations, induces a 

net loss of lean mass 589,601,602 (refer to Chapter 1, S1.2.3 for more detail). As previously 

mentioned in the S6.2.2, as IDEB seemed to bypass the competitive inhibition of antimycin A 

on complex III, non-mitochondrial respiration (NMR) was measured by the Seahorse XF24 as 

exceedingly high in the BL-CHOP regimen (refer to Figure 6.24). To correct for this, the NMR 

measure was added to the measures of basal mitochondrial respiration, ATP-production 

associated oxygen consumption and proton leak associated oxygen consumption, as the 

Seahorse XF24 software automatically subtracts NMR from these measures. Although NMR 

was negligible in both the MB-LCV and BL-CHOP regimens alone, there is the potential that 

NMR is elevated with IDEB.  

IDEB, when delivered with both MB-LCV and BL-CHOP therapy, significantly 

increased basal respiration rate by 8- and 5-fold respectively (p<0.0001, Figure 6.23A, Figure 

6.25A respectively). This increase was associated with an increase in ATP production only 

when co-administered with MB-LCV (7-fold increase, p<0.0001, Figure 6.23B), but not with 
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BL-CHOP therapy (Figure 6.25B). With a significantly increased baseline cellular respiration 

rate without a concomitant increase in ATP production, it is of no surprise that proton leak 

was significantly increased in both combination therapies (a 4-fold increase with BLi-CHOP,  

p<0.0001, Figure 6.25C), with IDEB and MB-LCV co-therapy also increasing proton leak also 

by 13-fold from MB-LCV levels (p<0.0001, Figure 6.23C).    

 With IDEB co-therapy, both treatment groups (MBi-LCV and BLi-CHOP) were observed 

to significantly increase their baseline ceullular activity. An important measure of 

mitochondrial function is the organelles ability to increase respiratory function to meet 

metabolic demand. Concomitant with the increase in baseline levels was an almost 

proportional increase in maximal respiratory capacity in both combination therapies (a 9 fold 

increase in MBi-LCV when compared to MB-LCV alone, p<0.0001; and a 2 fold increase in BLi-

CHOP when compared to BL-CHOP alone, p<0.005) resulting in no change to spare respiratory 

capacity (Figure 6.22, Figure 6.23D,  Figure 6.24 and Figure 6.25D). Coupling efficiency, 

however, was significantly reduced in both regimens when IDEB was co-administered, 

suggestive of a greater electron flux through the mitochondria without a proportional 

increase in ATP production (an 85% decrease in MBi-LCV, p<0.0001 Figure 6.23E, and a 70% 

reduction in BLi-CHOP, p<0.0001, Figure 6.25E). Although ATP production was elevated with 

MBi-LCV co-therapy, this suggests that the modest increase in ATP production was still 

accompanied by significant proton leak. Curiously, when given in combination with the BL-

CHOP regimen, IDEB thwarted the action of Antimycin A (a potent inhibitor of cytochrome b 

603), masking the non-mitochondrial respiration measure as the mitochondria continued to 

respire after the inhibitor was administered (Figure 6.24). Although not investigated here, this 

suggests IDEB has the capacity to overcome the competitive inhibitor and drive electron flow 

through the electron transport chain even in its presence. 
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Figure 6.22 Changes to cellular oxygen consumption in response to mitochondrial inhibitors and stimulants induced by early-
life MB-LCV and IDEB co-therapy at 12-weeks of age. MB-LCV therapy administered from 4-12 weeks of age to reduced basal 
respiration by almost 90% and significantly decreased maximal respiration by 90% (p<0.001) as well. IDEB co-therapy rescued 
maximal respiration returning the value to VEH levels, however basal respiration and proton leak were also elevated above 
VEH levels by 94% and by over 10-fold respectively. B) Significance values for A) expressed in table format for ease of reference. 
Error expressed as SD where n=9-10. Significance symbols. These measures are have been corrected for NMR. 
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Figure 6.23: Mitochondrial respiratory function of vehicle (VEH), MB-LCV (MB) and MBi-LCV (MBi) treated 12-week old mice: Isolated 
muscle fibres from bi-lateral flexor digitorum brevis. m was assessed for baseline cellular respiration (A), ATP-associated oxygen 
consumption (B) and O2 consumption linked to proton leak (C). Mitochondrial spare respiratory capacity and coupling efficiency (D & E) 
were calculated using these measures. IDEB greatly elevated baseline cellular respiration by almost 8-fold (A, p<0.0001), ATP production 
by 7-fold (B, p<0.0001) and proton leak by 13-fold (C, p<0.0001). Spare respiratory capacity did not change from MB levels remaining at 
~130% (D). Coupling efficiency, however, fell with IDEB co-therapy by ~85% when compared to MB-LCV treatment alone (E, p<0.0001). 
n=6-10 with data presented as mean±SD. Significance via ANOVA with Tukey’s post-hoc test. These measures are not corrected for NMR.
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Figure 6.24 Changes to cellular oxygen consumption in response to mitochondrial inhibitors and stimulants induced by 
early-life BL-CHOP and IDEB co-therapy at 12-weeks of age. A) BL-CHOP therapy administered from 4-12 weeks of age 
significantly reduced significantly decreased maximal respiration by 50% (p<0.001) in 12-week mice. IDEB co-therapy 
corrected this loss, returning OCR within ~10% of VEH levels, with basal respiration significantly elevated by IDEB co-
therapy as well by 133% compared to VEH.  Antimycin  A response was abrogated by IDEB co-therapy, with little inhibition 
of complex III being observed after its injection (as measured by NMR) B) Significance values for A) expressed in table 
format for ease of reference. Error expressed as SD where n=7-10. These measures are corrected for NMR (non-
mitochondrial respiration).   
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Figure 6.25: Mitochondrial respiratory function of vehicle (VEH), BL-CHOP (BL) and BLi-CHOP treated mice at 12- weeks of age: Isolated 
muscle fibres from bi-lateral flexor digitorum brevis. m was assessed for basal (A), ATP-associated oxygen consumption (B) O2 consumption 
linked to proton leak (C). Mitochondrial spare respiratory capacity and coupling efficiency (D & E) were calculated using these measures.
IDEB greatly elevated basal mitochondrial respiration by almost 5-fold (A, p<0.0001) and proton leak by 4-fold (C, p<0.0001) with no 
change to ATP production (b). Spare respiratory capacity did not change from BL levels (D). IDEB co-therapy significantly reduced coupling
efficiency from BL levels by 70% (D, p<0.001). n=6-10 with data presented as mean±SD. Significance via ANOVA with Tukey’s post-hoc test. 
These measures are not corrected for NMR (non-mitochondrial respiration).       
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 6.4 Discussion 
 

 

Although associated with considerable acute and long-term toxicity, chemotherapy is 

considered as the leading non-surgical treatment against cancer. Reductions of toxicity and 

side-effects induced by these chemotherapy regimens is an important and effective way to 

improve efficacy and, thus, the quality of life for those which are treated with it. In the 

previous chapters we describe two animal models which, to date, most accurately replicate 

the side-effect profile of gold-standard chemotherapy regimens, MB-LCV and BL-CHOP, used 

against paediatric medulloblastoma and NHBL respectively. To protect against the cytotoxic 

damage induced by these regimens to the skeletal muscular system, we have investigated the 

therapeutic efficacy of IDEB to ameliorate regimen-associated toxicity when co-administered 

daily in young mice. In doing so, we showed that IDEB co-therapy with BL-CHOP-therapy: (1) 

completely protected against BL-CHOP lethality and reduced CHOP-associated organ 

pathologies in the kidney, liver and gastrointestinal system as well as anthracycline-mediated 

cardiotoxicity; (2) protected against chemotherapy-induced skeletal muscle atrophy which 

promoted weight gain during and after each active chemotherapy cycle; and (3) protected 

against life-long skeletal muscle weakness as measured by grip-strength induced by CHOP 

therapy. In contrast, IDEB co-therapy with LCV-therapy promoted chemotherapy-induced 

toxicity as evidenced by increased mortality and afforded no protection to the skeletal 

muscular system (as assessed by grip strength), but rather decreased muscle mass (as per 

volumetric analysis of tibial cross-section) and muscle endurance and recovery capacity (as 

per ex vivo analysis).    
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6.4.1 Therapeutic efficacy of IDEB co-therapy against MB-LCV-induced 
toxicity  

  

 In Chapter 4, we showed that MB-LCV therapy induced a pre-sarcopenic state, which 

was characterised by weakened and dysfunctional skeletal muscle, mitochondria which were 

unable to increase metabolic activity to meet demand, and a state of elevated systemic 

inflammation, however, skeletal muscle atrophy was yet to be observed. The primary goal of 

delivering IDEB in concert with chemotherapy was to alleviate, or completely abrogate, the 

toxic effects of the regimen. IDEB co-therapy with MB-LCV therapy was shown to increase the 

mortality rate by 10% (p=0.078, RR=1.1, Figure 6.1). Although only a small increase in 

mortality, and one where statistical significance was considered a trend at best, any increase 

in mortality is an unacceptable one. It is, however, entirely reasonable to suggest that had 

appropriate supportive care been available, these deaths could have been avoided, but due 

to the limitations in resources this wasn’t available here. Nevertheless, IDEB co-therapy was 

ceased at 12-weeks and investigations into the long-term effects of IDEB and MB-LCV 

combination therapy (from 12-30 weeks of age) was not commenced. IDEB co-therapy, 

however, showed promise in other areas, including the co-therapy’s ability to significantly 

increase weight gain during the period of chemotherapy administration. IDEB caused an 

increase in body weight by 20% when compared to chemotherapy without IDEB (p<0.0001) 

in the 12 weeks treatment which was characterised by a significant increase in catch-up 

growth after the initial insult of anti-neoplastic treatment. As weight-loss is often linked to a 

poor prognosis in chemotherapy patients, an ability to improve patient weight-gain – or at 

least maintain weight during treatment – could prove to be highly beneficial in the clinic 483. 

Perplexingly, however, the observed weight gain was concomitant with an overall decrease 
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in food consumption (Figure 6.4). Calorie restriction has numerous benefits to skeletal muscle 

through rerouting energy metabolism and inducing autophagy 604,605. We theorise that this 

may be a result of improved energy utilisation afforded by IDEB, resulting in an improved 

respiratory performance and utilisation of energy substrates such as glucose and lipids (effect 

of IDEB on mitochondrial respiration discussed in more depth below). In instances where the 

mitochondria produce ATP which exceeds energy demand, fatty acid oxidation is switched off 

(through AMPK-mediated inactivation of fatty-acid oxidation via CPT1 inhibition) resulting in 

elevated fat storage and induction of growth signals,  together with a reduction of feeding via 

leptin signalling to the hypothalamus 606.      

 

Although molecular investigations of this weight gain were outside the scope of this 

thesis, to investigate the nature of this weight gain, µCT analysis was used to quantify hind 

limb mass at the proximal portion of the tibia; which is typically nearly homogenous in lean 

mass tissue aside from bone 527. These investigations showed that MB-LCV and IDEB co-

therapy induced a reduction in hind-limb volume at 12-weeks, however wet-weights of the 

TA, SOL, EDL and PLA (major muscles in this area) remained unchanged. Fibre size of the TA 

muscle (as measured by histological analysis, Figure 6.20) also remained unchanged. This is 

intriguing as these data suggest a decline in overall muscle size without a matched reduction 

in muscle weight or fibre cross sectional area. Contractile function investigations showed the 

optimal length required to produce maximal force of both EDL and SOL muscles were also 

both significantly reduced by 21% (p<0.001) and 19% (p<0.001), respectively (Figure 6.12). 

Taken together with reductions in specific force (force corrected for muscle mass, EDL -69%, 

p<0.005; SOL -74%, p<0.001), these data show that, although muscle weight or cross-sectional 
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area has not changed, muscle fibres are shorter in nature and their functional capacity to 

produce force is impaired. Moreover, IDEB co-therapy further exacerbated fatiguability and 

hindered recovery all together in both the EDL and SOL muscles (Figure 6.15). As eluded to in 

Chapter 4, there is the potential that MB-LCV therapy alone may induce a pre-sarcopenic state 

which is categorised by skeletal muscle dysfunction but without muscular atrophy. However, 

when MB-LCV is administered with IDEB, atrophy, as measured by a loss of total muscular 

volume, is evident which may be indicative that IDEB has accelerated the chemotherapy-

induced progression into a true sarcopenic state.     

 

It is interesting to speculate how IDEB co-therapy promotes the pathological processes 

underpinned by MB-LCV therapy. Although the mechanism of action of IDEB is currently 

under speculation, it is primarily thought that IDEB scavenges electrons from the cellular 

environment and delivers them to directly to Complex III, in sorts mimicking co-enzyme Q10  

296,298,607. More recent, mechanistic studies of IDEB have also postulated that IDEB increases 

insulin sensitivity, increasing glucose uptake into the cell 608-610. In our mitochondrial 

investigations of IDEB with MB-LCV, we show that IDEB markedly increased basal and ATP 

associated oxygen consumption (p<0.0001, Figure 6.23) and returned maximal oxidative 

capacity to VEH levels (an improvement of 90% from MB-LCV therapy alone p<0.0001), 

supporting the theory that the CoQ10 analogue drives scavenged electrons through the 

oxidative phosphorylation machinery of the mitochondria. As discussed in Chapter 4, the 

primary constituents of LCV therapy are lomustine (CCNU, an alkylating nitrourea) and 

cisplatin (CDDP, a platinum-based alkylating agent), and vincristine (VCR, a mitotic inhibitor) 

with cisplatin shown to greatly impair mitochondrial function through adduction of the 
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organelles single-stranded DNA. Previously, we were the first to show that the platinum-

based alkylating agent oxaliplatin directly penetrates the mitochondria and accumulates 

within the organelle, causing significant increases in mtROS and signs of mitochondrial 

dysfunction 159. When considered in the current context, it may well be that the potentially 

CDDP-damaged mitochondria were unable to cope with the heightened IDEB-mediated 

electron flux during times of amplified metabolic demand. This could explain the elevated 

rates of muscular fatigue during extended bouts of exercise as seen in our contractile function 

experiments.   

 

 

6.4.2 Therapeutic efficacy of IDEB co-therapy against BL-CHOP-induced 
toxicity  

 

 In the previous chapter we showed that BL-CHOP therapy clearly induced the CI-

SMDW phenotype; causing chronic skeletal muscle dysfunction characterised by decreased 

muscle mass, strength and endurance and recovery capacity. Moreover, at the 12-week 

timepoint, BL-CHOP treated mitochondria showed a supressed spare respiratory capacity 

which was underpinned by an inability to match oxidative phosphorylation to demand at 

increased rates during times of metabolic demand. All of this, in combination with multi-organ 

pathologies of the liver, heart and kidney resulted in a significantly elevated mortality rate of 

77% in the first 30-weeks of life. IDEB co-therapy, remarkably, completely protected mice 

from BL-CHOP lethality, with no mice which underwent combination IDEB+BL-CHOP therapy 

succumbing to treatment. This drastic improvement in survivability is likely underpinned by 

the significant improvement in weight-gain during the treatment course, with mice being 36% 



308 
 

heavier than their chemotherapy-treated counterparts which did not receive IDEB. Although 

a similar improvement in weight was seen in the MB-LCV with IDEB combination therapy, 

here, weight gain was associated with an 18% increase in muscle mass as a result of IDEB co-

therapy (Figure 6.). IDEB co-therapy also alleviated cardiac-, hepatic-, renal- and 

gastrointestinal-associated pathologies (Table 6.2). Although the mechanisms of pathology 

induction by the BL-CHOP regimen was not investigated, elevated levels of ROS has been 

indicated in the aetiology of all organ-pathologies observed here 593,611,612. Moreover, 

cardiomyopathies are a well-described sequalae mediated by anthracycline-induced 

oxidative stress within cardiomyocytes. 114,235,236,613-615. If indeed IDEB is acting as a power 

antioxidant as the literature suggests, this would explain how the molecule remedies the 

organ-pathologies seen whilst simultaneously driving mitochondrial function. Moreover, 

doxorubicin-mediated skeletal muscle atrophy has also been linked with elevated states of 

oxidative stress 263,590. As IDEB co-therapy ameliorated the observed chemotherapy-induced 

wasting in the BL-CHOP regimen, this further reinforces our hypothesis that IDEB is acting as 

a powerful antioxidant, scavenging electrons and delivering them to the mitochondria. 

Conversely, adjuvant IDEB therapy instigated skeletal muscle wasting when given in 

combination with the MB-LCV regimen, highlighting that antioxidant therapy may be 

efficacious in a U-like relationship (Figure 6.). MtROS, and oxidative stress in general, has been 

shown to contribute to a delicate balance of growth and atrophy through various intracellular 

pathways – such as exercise mediated oxidative stress which at certain levels promotes 

anabolic effects through the NF-κB, MAPK/ERK and PI3K/Akt pathways 616,617. As IDEB 

protected against skeletal muscle wasting in the BL-CHOP regimen, but initiated wasting (or 

more likely inhibited growth pathways) in the MB-LCV regimen, this serves to suggest that 

completely resolving oxidative stress can also be detrimental. The concept of hormesis is 
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important here, whereby certain levels of a substance promote a favourable response, 

however, any levels outside this biphasic, hormetic zone induces an adverse reaction 618. In 

this instance, skeletal muscle growth and cytoprotective adaption appears to requires a 

certain level of ROS to initiate change, however, without any level at all, the important "cross-

talk" to develop cytoprotective capacity and adaptive growth to stress within the cells has 

ceased to exist. 

   Adjunctive IDEB treatment with BL-CHOP therapy, at the mitochondrial level, resulted 

in both an increase in baseline and maximal respiration by 133% and 50% respectively, 

indicative of higher mitochondrial flux (p<0.0001 from VEH, Figure 6.24 and Figure 6.25). 

Interestingly, when IDEB was given together with antimycin A, a complex III inhibitor, IDEB 

mitigated the inhibition. The mechanism of mitochondrial inhibition afforded by antimycin A 

is through competitive inhibition of the quinone reduction site on the cytochrome bc1 

complex 603. As this was overcome in the BL-CHOP regimen, but not the MB-LCV regimens, 

we propose that, due to the anthracycline redox reaction occurring at complex I, a greater 

number of available electrons are present within the mitochondria (associated with the 

reduced doxorubicin analogue). As IDEB is thought to act as a semi-quinone and electron 

scavenger, we hypothesise that IDEB is able to chaperone these electrons directly to the 

quinone reduction site in a high enough concentration to overcome the competitive inhibition 

of antimycin A. Alternatively, it is possible that IDEB delivers its electrons to an alternative 

site, either elsewhere on the cytochrome bc1 or further down the respiratory chain. Although 

it is interesting to speculate, the exact mechanisms of how IDEB overcame antimycin A 

inhibition of the mitochondria requires further targeted investigations to elucidate.   
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  The ability for IDEB to completely protect against chemotherapy-induced skeletal 

muscle wasting and mortality in the BL-CHOP regimen is an exciting property, however, more 

work to elucidate its therapeutic mechanisms are needed to enable benchtop to bedside 

translation. Long-term survivors of chemotherapy still, however, suffer from a decline in 

skeletal muscle function by way of weakness and fatigue. Our investigations into the 

protective nature of IDEB against skeletal muscle dysfunction show promising results. After 8 

weeks of daily IDEB treatment, grip strength returned to VEH levels, an improvement of 16.5% 

from BL-CHOP levels (Figure 6.11). In ex vivo analysis of contractile function, IDEB co-therapy 

significantly improved SOL endurance and recovery capacity and, although no improvements 

were noted in these parameters in the EDL muscle, importantly, no decline was observed 

either.       

 

6.5 Chapter Summary  
 

 

 In summary, IDEB co-therapy afforded mixed protection, dependent on the 

chemotherapy regimen it was delivered with. On the one hand, when delivered in concert 

with the MB-LCV regimen, IDEB exacerbated the MB-LCV sequalae, increasing mortality, 

skeletal muscle dysfunction and wasting and mitochondria dysfunction. We hypothesise that 

this was underpinned by the adducting nature of cisplatin; whereby the platinum-based 

alkylating agent induces damage to the mitochondria. As IDEB was shown here to drive 

baseline cellular respiration and stressed mitochondrial function, increased flux through 

these damaged mitochondria may very well have resulted in aberrant metabolic flux and ROS 

production, driving the already present MB-LCV-created pathologies. Moreover, IDEB co-
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therapy with the MB-LCV regimen was shown to have a detrimental effect on skeletal muscle 

growth suggesting that too much antioxidant defence could in fact be detrimental. On the 

other hand, IDEB co-therapy successfully mediated the CI-SMDW sequalae induced by the 

anthracycline-based BL-CHOP regimen in a healthy animal model. Importantly, IDEB co-

therapy completely protected against BL-CHOP-induced mortality and skeletal muscle 

atrophy, as well as affording protection against multiple-organ pathologies; such as right 

ventricular cardiomyopathy and gastrointestinal mucositis. Here we have shown in a clinically 

relevant, pre-clinical healthy mouse model, that the co-Q10 analogue, IDEB, is a viable 

therapeutic to combat anthracycline-based regimen toxicity and lethality. Although further 

investigations are required to assess the molecules therapeutic efficacy with other regimens, 

and in the setting of the treatment with its associated pathology, the addition of continuous 

IDEB treatment in concert with the CHOP regimen may very well afford complete protection 

against CI-SMDW and mortality during childhood chemotherapy administration.           
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Chapter 7 

Conclusions & Future Directions 
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7.1 Summary of the thesis 
  

  

The broad aim of this thesis was to determine whether mitochondrial targeting 

therapies, specifically IDEB, can prevent acute and/or long-term skeletal muscle dysfunction 

and wasting induced by juvenile gold-standard chemotherapy treatment in clinically relevant 

mouse models. In particular, this thesis has successfully developed clinically relevant juvenile 

mouse models for the investigation of gold-standard chemotherapy regimens used against 

paediatric ALL-POMP, MB-LCV and BL-CHOP. Further, this thesis investigated the efficacy of 

IDEB to alleviate the CI-SMDW sequalae by targeting the mitochondria to afford protection 

to both the organelle and the skeletal muscle.     

 

 

7.1.1 Summary of the major findings 
 

 Although paediatric cancer comprises 1% of all cancer cases 3, the disease state is 

responsible for the loss of over 150,000 years of potential life each year in the United States 

alone 90. Moreover, Australian children diagnosed with cancer are 2000 times more likely to 

die within 5 years of diagnosis than other healthy children 6. The front-line anti-neoplastic 

treatments used to combat paediatric cancer – namely chemotherapy and radiotherapy – 

base their efficacy around attenuating the ability of neoplastic cells to replicate and grow. 

Unfortunately for the children that receive these therapies, they too are undergoing rapid 

and concerted growth. Due to the non-specific and systemic mode of action, chemotherapy 

elicits effects on healthy and neoplastic cells alike inducing a plethora of side-effects which 

significantly increase morbidity and mortality experienced by these children. Growing 
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evidence also suggests that normal skeletal muscle growth and repair processes are 

compromised by chemotherapeutic treatment, which can manifest into chronic 

chemotherapy-induced skeletal muscle dysfunction and wasting (CI-SMDW) throughout the 

lifespan, culminating in reduced strength, endurance and mobility which is exacerbated when 

treatment is administered during childhood 18,19,21,22. Due to the complexity of the 

chemotherapy regimens used to treat childhood cancer, the multitude of chemotherapeutic 

agents used, and duration of administration, appropriate investigatory animal models to 

elucidate the exact pathological mechanisms which underpin CI-SMDW have yet to be 

developed. In light of this, the broad aim of Chapter 2 was to develop a framework which 

could be used to create clinically relevant animal models which could investigate 

interventions against chemotherapy-induced sequalae. This framework, titled the 

‘Intervention Animal Model Development Framework’ (IAMDF) was then used to create 

clinically relevant animal models upon which the CI-SMDW pathology could be investigated.   

 Through review of the literature in Chapter 1, and the application of the IAMDF 

described in Chapter 2, the gold-standard chemotherapy regimens ‘POMP’ (using primarily 6-

mercaptopurine (Purinethol), vincristine (Oncovin), methotrexate and prednisone, developed 

by the Children’s Cancer Group 322),  ‘LCV’  (using Lomustine, Cisplatin and Vincristine 

developed by the Children’s Cancer Group 124,331-334) and ‘CHOP’ (using Cyclophosphamide, 

doxorubicin (Hydroxydaunorubicin), vincristine (oncovin) and prednisone, developed by 

collaboration between Française d’Oncologie Pédiatrique and the United Kingdom Childhood 

Cancer Study Group 338) which are used to combat ALL, medulloblastoma and NHBL were 

adapted for use in juvenile mice. The viability of these models were then assessed in in 

juvenile mice in Chapter 3, where pilot studies were used to refine the human modified ALL-
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POMP, MB-LCV and BL-CHOP regimens to be both tolerable and as close to clinically relevant 

doses as possible. 

The major accomplishments of Chapters 2 and 3 were that, through the application of 

the IAMDF, juvenile mouse models which accurately depict the clinical sequalae experienced 

by children undertaking ALL-POMP, MB-LCV or BL-CHOP therapy were developed. 

Specifically, after dose and regimen modifications were made, all three regimens induced 

similar levels of weight loss, skeletal muscle dysfunction, and generalised pathology as 

described in the clinic setting. Moreover, the modified ALL-POMP regimen accurately 

replicated clinically appropriate levels of immune suppression which is a pivotal characteristic 

of chemotherapy intervention against ALL. Although we present here validated, clinically 

relevant juvenile mouse models capable of investigating the ALL-POMP, MB-LCV and BL-CHOP 

regimens, due to the extensive amount of time taken to develop the ALL-POMP model, only 

the MB-LCV and BL-CHOP models were investigated further in this thesis.                     

 Considering the accomplishments of Chapters 2 and 3, Chapter 4 and 5 used the 

developed MB-LCV and BL-CHOP models to investigate the CI-SMDW phenotype further. The 

major findings in Chapter 4 was that MB-LCV administration in juvenile mice caused: 1) 

significant reductions in skeletal muscle contractile function which was endured throughout 

the lifespan, even in the absence of observable systemic toxicity, chemotherapy-induced 

muscle atrophy, or mortality. These functional reductions were accompanied by; 2) a state of 

elevated systemic inflammation; and 3) mitochondrial dysfunction characterised by a reduced 

ability to adapt to metabolic demand. When these are considered together, MB-LCV therapy 

appears to induce an early onset pre-sarcopenic state; where skeletal muscle dysfunction was 

present without signs of muscle atrophy. Specifically, we showed that MB-LCV therapy 
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induced moderate levels of skeletal muscle dysfunction at 12 weeks of age which worsened 

by 30-weeks of age (characterised by a 40% loss in grip strength, and significant declines in 

post-exercise/contractile recovery capacity which was not present at 12 weeks). We also 

showed that singular twitch ex vivo muscle contractions produced significantly less force 

which was independent of atrophy, suggesting that chemotherapy was inducing some form 

of at the molecular or structural level. Although not directly investigated here, damage at the 

molecular cross-bridge level, ROS induced structural damage or Ca2+
 dysregulation could all 

be implicated in the dysfunction seen here  1,112,619-622. These dysfunctions were concomitant 

with significant declines in mitochondrial function, with mitochondria from chemotherapy-

treated muscle showing reduced responsiveness to chemical uncoupling, i.e. metabolic stress. 

These findings in Chapter 4 suggest that the decline in skeletal muscle endurance and 

recovery induced by MB-LCV therapy are likely underpinned by chemotherapy-damaged 

mitochondria; which are unable to escalate oxidative phosphorylation to meet the metabolic 

demands of exercise. We have shown in previous studies that the platinum-adducting 

alkylating agent oxaliplatin (the same class of drug as cisplatin used in MB-LCV therapy) are 

capable of penetrating and damaging the mitochondria 159. This is likely the case here, as the 

mitochondria play a cardinal role in the replenishment of ATP which is required for on-going 

skeletal muscle contraction and performance. Any abrogation in muscle energy homeostasis 

demonstrably results in poor muscle performance and damage as ATP is required for 

continuous and effective cross-bridge cycling 623. 

  

Where Chapter 4 presented the implementation of the modified MB-LCV therapy and 

its consequent induction of the SMDW phenotype; Chapter 5 presented the implementation 
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of the modified BL-CHOP regimen and the investigation of its effects on juvenile mice. The 

major findings of this study was that BL-CHOP therapy in juvenile mice 1) induced a reduction 

in muscle volume by 15% and reduced overall survival by 77% by 30-weeks of age; 2) induced 

severe organ toxicity inclusive of cardiomyopathy and renal-, liver- and gastrointestinal-

opathies; 3) induced lifelong skeletal muscle dysfunction and wasting which was 

characterised by significant reductions in grip strength, muscle fibre size , ex vivo muscle 

endurance and recovery capacity; and 4) truncated mitochondrial metabolic flexibility at 12-

weeks, which was categorised by a 44% reduction in spare respiratory capacity. Importantly, 

mice treated with BL-CHOP therapy were as strong at 12-weeks as they were at 30-weeks (as 

determined by grip strength) and showed no improvement in muscular endurance and 

recovery over the same time period. Although BL-CHOP-treated mice recovered bodyweight 

back to VEH levels, skeletal muscle volume of the hind limb was 16% less than VEH-treated 

counterparts. These findings show that skeletal muscle wasting was induced by CHOP therapy 

during the juvenile years of the animals and that, ultimately, the underlying mechanisms were 

irreparable. Although not directly measured here, us, and others, have previously shown that 

chemotherapeutic agents, irrespective of class and mechanism of action (in particular the 

anthracycline and alkylating classes used here in the BL-CHOP and MB-LCV regimens), 

increase mitochondrial reactive oxygen species (mtROS) production. This increase in mtROS 

levels is thought to be due to chemotherapy-induced damage to the mitochondrial 

respiratory enzymes, subsequently causing electron leak from the respiratory chain which 

ultimately reduces oxygen, forming ROS. These highly reactive molecules have been shown 

to further damage both the skeletal muscle and mitochondria, as well as cause activation of 

various intra-cellular pathways, such as atrophy, resulting in the cessation or abrogation of 

growth 624. When taking this into consideration with the fact that both the MB-LCV and BL-
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CHOP regimens induced significant declines in mitochondrial and skeletal muscle function, it 

seems unequivocal that the mitochondria, at the very least, exacerbates the CI-SMDW 

phenotype. Thus, we hypothesised that by using an electron scavenging antioxidant which 

could simultaneously protect the mitochondria and the skeletal muscle from elevated ROS, 

whilst improving mitochondrial function could prove to be therapeutic against CI-SMDW.   

 Therefore, the overall aim of the study presented in Chapter 6 was to determine 

whether co-delivery with the mitochondrial Co-Q10 analogue; IDEB, could protect the 

mitochondria, and thus the skeletal muscle, against the dysfunctions induced by the BL-CHOP 

and MB-LCV regimens. In doing so, we showed that IDEB co-therapy with BL-CHOP-therapy: 

(1) completely protected against BL-CHOP lethality and reduced CHOP-associated organ 

pathologies in the kidney, liver and gastrointestinal system as well as anthracycline-mediated 

cardiotoxicity; (2) protected against chemotherapy-induced skeletal muscle atrophy which 

promoted weight gain during and after each active chemotherapy cycle; and (3) protected 

against life-long skeletal muscle weakness as measured by grip-strength induced by CHOP 

therapy. In contrast, IDEB co-therapy with the LCV-therapy promoted chemotherapy-induced 

toxicity as evidenced by increased mortality and afforded no protection to the skeletal 

muscular system (as assessed by grip strength), but rather decreased muscle mass (as per 

volumetric analysis of tibial cross-section) and muscle endurance and recovery capacity (as 

per ex vivo analysis). Although further investigations are required to assess IDEB’s therapeutic 

efficacy with other regimens, the addition of continuous IDEB treatment in concert with the 

CHOP regimen afforded near-complete protection against CI-SMDW and mortality during 

childhood chemotherapy administration.           
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7.1.2 Discussion of the major findings 
 

 The collective studies presented in this thesis have investigated CI-SMDW in clinically 

relevant mouse models which have highlighted that, regardless of regimen, skeletal muscle 

dysfunction is accompanied by aberrant mitochondria. Work done by Talvensaari et al 22,259,625  

and Ness et al. collectively show that survivors of childhood cancer and chemotherapy (of 

various chemotherapeutic regimens) display increased body fat metabolic abnormalities, as 

well as reduced skeletal muscle strength, mass and endurance capacity – the very phenotype 

that we have displayed here with chemotherapy administration independent of cancer 

16,18,509,626. These studies, together with the ones presented within this thesis, serve to 

highlight that chemotherapy may in fact bring about early sarcopenia of within the 

musculoskeletal system. Although further research into the molecular profile of the pathology 

is needed, the sequalae described here clinically mirrors the sequalae described in 

sarcopenia; namely “progressive and generalized loss of skeletal muscle mass and strength 

[which] strictly correlate[s] with physical disability, poor quality of life and death” 627. 

Moreover, the similarities between our animal investigations here and what is experienced in 

the clinic, further highlights that chemotherapy-induced damage sustained in childhood is not 

fully reversible and that impairment of growing muscle, and mitochondria could, either 

singularly or together, lead to the emergence of delayed or persistent skeletal muscle 

dysfunction many years after chemotherapy administration has ceased. 

  By using the antioxidant and Co-Q10 analogue, IDEB, we have shown that by 

improving mitochondrial function we could, to some degree, ameliorate the CI-SMDW. 

Importantly, co-administration with the notoriously lethal and aggressive BL-CHOP therapy 

regimen, completed protected juvenile mice against death and life-long morbidity. The 
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therapeutic efficacy of IDEB in this setting is promising, however, it also provides a significant 

insight into the CI-SMDW pathology, suggesting that mitochondrial dysfunction likely 

underpins, to some level, the severe toxicity induced by chemotherapy administration; at 

least by the BL-CHOP regimen.  

 

 

7.2 Study Limitations  
 

 

 Although several significant and positive findings were made and presented in this 

thesis in relationship to CI-SMDW and the efficacy of IDEB adjuvant therapy, there are 

several limitations of these studies worthy of discussion: 

 

1. As outline in Chapter 4: S4.2.1.2, the VEH group used for comparison within this thesis 

was based off the most aggressive regimen: namely, ALL-POMP. This was done to reduce 

the total number of animals used and the human resources required to complete the VEH 

studies. In doing so, this VEH regimen induced the greatest level of handling, injections 

and gavages that the animals would have experienced in the ALL-POMP regimen and was 

used as the VEH group for the less aggressive MB-LCV and BL-CHOP regimens. This is a 

clear limitation of this thesis as the effects of each regimen would have been more 

scientifically sound if they were compared to a matching VEH regimen. By comparing the 

MB-LCV and BL-CHOP effects to a VEH regimen based on the ALL-POMP regimen, the 

increased aggressiveness of this VEH regimen may have masked, or reduced, the effects 
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of seen due to chemotherapy administration. This study would have benefited by 

including VEH regimens based on the regimens that they were designed to be compared 

to.      

2. Although clinical relevancy of the animal models were maximised to the best of our ability 

within the limits of available resources, it would have been beneficial to deliver some of 

the chemotherapeutics via intravenous feed; as is done in the clinical setting. Murine 

osmotic pumps are available which can effectively replicate the intravenous 

administration of chemotherapeutics, however, due to their high cost per unit and the 

high number of animals used in these studies, there use were not viable. Thus, it is 

possible that the acute nature of delivery of some of the chemotherapies used in our 

studies, such as doxorubicin and methotrexate, could have exacerbated their toxicity 

profile beyond what is experienced in the clinical setting.  

 

3. Bodyweight and micro-computed tomography imaging were employed to measure 

general loss of weight and lean mass, respectively. Due to the shortcomings of our 

contrasting method for the hind-limb – which, if successful, would have allowed for 

accurate volume and density measures of muscle, fat, connective and bone tissue – 

accurate measurements of skeletal muscle volume and density together with the ability 

to differentiate from other tissue types within the hind-limb were lost. Although 

volumetric analysis was possible, this method did not definitively measure the skeletal 

muscle and thus the loss of volume measured by us could have been due to loss (or 

infiltration) of other tissue types, such as fat or connective tissue. Further, it is possible 

that, by using this method of volumetric analysis, lean mass loss may have been masked 

by or underestimated due to fat infiltration or fibrosis. It would have been beneficial here 
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for our contrast method to have been successful. However, whole body computed 

tomography imaging of the mouse would have provided far greater detail of body 

composition changes, and more accurately been able to define the changes seen in 

response to chemotherapy administration.  

 

4. Further to the prior limitation, the exact mechanisms of skeletal muscle loss were not 

quantitated in this study. Similarities were drawn from previous studies by us, and others, 

to our studies presented here – specifically, that chemotherapy administration, regardless 

of class, increased mtROS levels. The studies, and conclusions presented within this thesis 

would have been strengthened by measurements of mtROS levels and downstream 

effects on atrophy, extracellular matrix remodelling, satellite cell turnover, mitophagy and 

mitochondrial fusion and fibre type changes to mention a few. Moreover, investigations 

elucidating the underlying changes in molecular structure and signalling pathways of the 

skeletal muscle to appropriately characterise the loss of function and mass seen here 

would have beneficial. Although western-blot analysis of molecular markers of atrophy, 

protein synthesis, autophagy and mitophagy were commenced (specifically Bax, P70-S6 

kinase, the ubiquitin-proteasome pathway via the non-radioactive SUnSET method, 

ERK1/2 and mTOR), investigations are yet to be completed due to time-constraints.     

 

5. Although nuclear and mitochondrial DNA were isolated from muscle homogenates by us 

to assess for any chemotherapy-induced gene DNA damage or changes to gene 

expression, we were unable to complete this side of the study due to time constraints. It 

was planned to use the high-throughput next generation sequencing MiSeq System 

(Illumina, USA) to assess for any changes to skeletal muscle or mitochondrial coding nDNA 
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sequences and the entire mtDNA plasmid. The studies here would have benefited from 

these investigations as any changes to these coding sequences (and resulting proteins) 

could provide further insight to the CI-SMDW characterised here.  

 
6. In adjuvant IDEB therapy with the BL-CHOP regimen, IDEB significantly mitigated the 

action of antimycin A, resulting in exceedingly high levels of non-mitochondrial respiration 

being measured. To account for this, the NMR value was added back to measures which 

were normally corrected for NMR. Although the NMR was largely negligible in 

mitochondria from BL-CHOP and MB-LCV treated muscle with out IDEB, there is the 

potential that IDEB elevated NMR and that our corrections have masked these changes. 

These studies would have benefited from the addition of other mitochondrial inhibitors, 

such as rotenone, to adequately shut down the mitochondria and for true non-

mitochondrial respiration to be measured.    

 
7. As the EDL and SOL muscles were used in the contractile function and µCT analysis 

protocols, histological assessment of these muscles were not performed in this study. As 

such, the TA was histologically assessed as the muscle is within the same compartment as 

the EDL and the same anatomical region as the SOL muscle. The TA also provides a 

relatively homogenous mix of both fast and slow twitch muscle fibres upon which 

histological investigations could be performed. Moreover, these studies would have 

benefited from a more comprehensive histological analysis of the musculature, 

particularly fibre typing to assess for fibre-type switching as the loss of type II fibres being 

characteristic of the sarcopenic phenotype together with connective tissue and fat 

infiltration for signs of structural change and fibrosis.   
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8. The effects of chemotherapy and mitochondrial dysfunction on circulating insulin and 

glucagon levels was not investigated in concert with glucose tolerance testing. Although 

the glucose tolerance test is commonly used in the clinic as an assessment of glucose 

handling, although only some changes to glucose levels were observed, investigations 

which considered changes to these hormones would have been beneficial.    

 

9. Although the co-administration of IDEB was successful in reducing if not alleviating the 

various sequalae induced by chemotherapy administration, the studies here would have 

benefited from investigating other antioxidants (like SS-31 mentioned in Chapter 2), as 

well as investigating the therapeutic efficacy of IDEB in combination with other therapies 

(like ALL-POMP) and at different dosages.  

 
10. Any alteration to gold-standard therapies raise concerns that their therapeutic efficacy 

may be mitigated. Although investigations of the BL-CHOP and MB-LCV regimens with 

IDEB in a xenograft cancer model were planned, it is unknown whether the addition of 

IDEB would affect the anti-cancer efficacy of the chemotherapy regimens against the 

cancer they aim to treat. Moreover, it is unknown whether the side-effect profile of BL-

CHOP and MB-LCV would change if they were delivered in a model which expresses the 

cancer they are aimed to treat. These studies would have been greatly beneficial to this 

thesis, however, due to the considerable resources and time required to develop these 

models and complete these studies, they were unable to be included in the timeframe of 

this PhD candidacy.  

 
12.11. Treatments and treatment regimens are consistently changing over the course of each year, 

with considerable improvements to gold standard therapies being made frequently. At the time 
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of authorship, the regimens used within this thesis were considered the gold standard therapy, 

however, these treatments have evolved and will continue to evolve after the publication of this 

thesis. Follow-up research conducted by us, and others, which use the findings within this thesis 

would benefit from updating the regimens to reflect current gold standards.    

 

 

 

7.3 Future directions 
 

 

The investigations performed in this thesis and their subsequent findings have prompted 

further questions which warrant further scientific enquiry, these include:   

 

1. Is IDEB therapeutic in combination with other gold-standard chemotherapy regimens? 

What is the dose-effect relationship with IDEB therapy when delivered in concert with 

chemotherpay regimens? And, is the therapeutic efficacy of IDEB against the CI-SMDW 

pathology species dependent? As IDEB showed the greatest promise in combination with 

the BL-CHOP regimen, the next logical step would be to assess the therapeutic efficacy of 

IDEB against BL-CHOP therapy in another animal species (as required by the FDA for 

approval of human trials). Further, as IDEB therapy was not as effective against MB-LCV-

induced SMDW and mitochondrial dysfunction, studies which investigate differing doses 

of IDEB may show that IDEB holds therapeutic promise at alternative dosages, or whether 

it interacts with a spefic drug within the MB-LCV regimen. Further still, due to the success 

that IDEB showed here against the CI-SMDW pathology, its therapeutic efficacy should be 
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further investigated in other clinically relevant animal models of other gold-standard 

chemotherapy regimens.  

 

2. Does the addition of IDEB alter the anti-cancer efficacy of chemotherapy? The final 

investigatory step of the IAMDF was to confirm the therapeutic efficacy of IDEB co-

treatment with ALL-POMP, MB-LCV and BL-CHOP in animal models which express the 

cancer that these regimens aimed to treat. Therefore, follow-up studies should 

investigate the BL-CHOP and MB-LCV regimens, with combination IDEB therapy, in 

animals which express NHBL and medulloblastoma respectively.  

 
3. Is the CI-SMDW phenotype actually an accelerated musculoskeletal ageing or early-onset 

sarcopenia model?    

 
4. Is the skeletal muscle dysfunction induced by chemotherapy associated with structural 

changes at the cross-bridge level? To answer this, single fibre muscle analysis in 

chemotherapy-treated muscle is needed. 

 
5. Do other antioxidants offer the same, or better, therapeutic effect against the CI-SMDW 

pathology as IDEB does in combination with poly-agent chemotherapy regimens? 

Alternatively, could targeting the molecular response to oxidative stress (i.e. nrf2) 

constitute a better approach?  

 
6. Is the loss of skeletal muscle post-exercise recovery capacity induced by chemotherapy 

administration linked to mitochondrial dysfunction, structural damage and/or elevations 

in cellular oxidative stress? 
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7. Does IDEB afford therapeutic efficacy against the CI-SMDW pathology through an 

antioxidant mode of action?  

 
 

 

 

 

7.4 Conclusions 
 

 Collectively, the studies presented within this thesis show that chemotherapy 

regimens, when administered to juvenile mice, induce significant skeletal muscle and 

mitochondrial dysfunction which endures well into adulthood, and long after chemotherapy 

administration ceases. This is indicative that chemotherapy, during active treatment, acts to 

damage the skeletal muscle and mitochondria resulting in significant declines in the 

functional capacity of both. From these findings, we postulate that chemotherapy damages 

the mitochondria which ultimately underpins, or at the very least exacerbates, the skeletal 

muscle dysfunction and wasting seen in survivors of childhood chemotherapy. In addition, 

this thesis has developed a framework which can be used to develop clinically relevant animal 

models within which gold-standard interventions can be scrutinised, adapted and improved 

upon. Through the use of this framework, this thesis developed clinically relevant animal 

models which are capable of investigating the CI-SMDW pathology induced by the three gold-

standard chemotherapy regimens, POMP, LCV and CHOP, which are used against the most 

common paediatric cancers (ALL, medulloblastoma and NHBL). Moreover, this thesis 

demonstrated that concomitant treatment with the Co-Q10 analogue, Idebenone, failed to 

provide therapeutic value when delivered in combination with MB-LCV therapy, we question 
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whether this could be due to insufficient IDEB dosing or due to the relatively low level of 

SMDW induced by this regimen in contrast to CHOP therapy. However, Idebenone co-therapy 

when delivered with the anthracycline based CHOP therapy, completely protected against 

chemotherapy-induced lean mass loss, cardiomyopathy and, most importantly, mortality. 

These findings highlight that IDEB could be an invaluable addition to gold-standard anti-

cancer chemotherapy regimens used world-wide and, after we confirm that the anti-cancer 

efficacy of the combined treatment is preserved, could provide unprecedented protection 

against chemotherapy-induced skeletal muscle dysfunction and wasting, and mortality.  
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