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Synopsis 

Globally, Type 2 Diabetes (T2D) and Colorectal Cancer (CRC) are among the most prevalent 

metabolic diseases and cancers, respectively. T2D is a progressive disease encompassing two 

underlying progressive conditions, insulin resistance and pancreas functional β-cell loss. CRC 

mostly arise from the aberrant proliferation of colonic epithelial cells in the form of colorectal 

polyps. T2D and CRC are chronic diseases and understanding the underlying molecular 

mechanism to identify biomarkers of their progression could help prevent or delay the course 

of the two diseases. Additionally, obesity is the major risk factor of T2D, and they are both 

considered as CRC risk factors. Therefore, there are common factors involved in the 

progression of T2D and CRC. In this regard, my thesis aimed to investigate T2D and CRC 

progression in four sections. 

Telomere length shortening is one of the hallmarks of cellular senescence. Shorter leukocyte 

telomere length in T2D has been reported previously. Firstly, I aimed to investigate cellular 

senescence and assess telomere biology using a cell model of human pancreas islet-derived 

progenitor cells (hIPCs). Significant shortening of telomere length was identified in successive 

replication, as well as a significant increase in TERC level. TERC is the RNA component of the 

telomerase enzyme that compensates for telomere shortening by adding telomeric repeat 

sequences to telomeric ends. The next set of experiments on hIPCs in three different glucose 

conditions (normal, high, and oscillating normal and high levels) showed similar telomere 

shortening rates among these conditions, but a significant rise of TERC expression only in the 

normal glucose. This could be due to impairment in TERC expression in cells exposed to high 

and oscillating conditions. Also, by analysing human samples, plasma TERC level was found 
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significantly lower in patients with T2D than in healthy individuals, confirming the results 

obtained using the hIPC cell model. 

Additionally, decreased abundance of TERF1 (telomere-repeat binding factor, and one of the 

main components of Shelterin complex protecting the telomeres from degradation) transcript 

was also significant only in hIPCs exposed to oscillating conditions. Besides, analysing cellular 

senescence biomarkers revealed the increased transcript abundance of GATA4 (as one of the 

master regulators of senescence-associated secretory phenotype) and IL-8 (the main 

chemokine released by the senescent cells) gene only in the oscillating condition. Therefore, 

a different molecular profile was identified with respect to telomere biology and senescence 

markers in the oscillating condition modelling a similar environment of islet cells being 

exposed to high fluctuations of glucose level in T2D progression.  

The second section studied was on how T2D progression was related to gut hormones 

regulating the insulin secretion from pancreas islets. These hormones are secreted when 

specialised gut cells sense short-chain fatty acid (SCFA) molecules in the gut lumen. SCFAs are 

generated by the gut microbiome from the fermentation of dietary fibre. SCFAs have several 

beneficial effects on both the colonic environment and metabolic health. I studied the 

underlying molecular alterations during T2D progression with respect to weight cycling and 

yoyo diet, i.e. oscillation of healthy (SCFA-rich) and unhealthy (SCFA-poor) diets in vitro. The 

gene expression level of gut hormones (GLP-1, GIP, CCK, PYY, and ghrelin) was measured 

longitudinally in two colonic cell lines (HT-29 and T84) while being exposed to the oscillating 

high and low levels of butyrate as the main SCFA. 
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A decreasing amplitude of change in the gene expression of these hormones was identified, 

suggesting that yoyo dieting may not be a healthy strategy because eventually, the level of 

these hormones may not increase in proportion to the level of fibre in food.  

In addition, the oscillating SCFA was re-evaluated in vivo utilising a 22-week dietary 

intervention using a mouse model - normal chow control (CTR) representing healthy food 

(SCFA-rich), high-fat diet (HFD) representing unhealthy food (SCFA-poor) and oscillating 

normal and high-fat diet. Body weight, food intake, and fasting blood glucose (FBG) were 

measured during the intervention program. Surprisingly, insulin resistance appeared mid-way 

through the dietary intervention in the oscillating group earlier than the HFD group. Also, at 

the end of the intervention, the glucose tolerance test profile of the oscillating group was 

identical to the HFD group. Furthermore, behavioural tests were performed at three different 

time points (start, mid-way, and endpoint) providing some initial evidence of diabetic 

neuropathy in the form of weak neuromuscular function in the oscillating and HFD groups. 

The olfactory test showed impaired olfactory sensing in the oscillating group as well.  

Therefore, the yoyo diet and subsequent weight cycling may not be a good approach to tackle 

obesity as it may result in eventually low secretion of the beneficial gut hormones regulating 

the insulin level, as well as insulin resistance progression as the two underlying T2D 

mechanisms. 

Thirdly, SCFA was studied in relation to CRC progression. By conducting a systematic review 

and meta-analysis, a link between faecal SCFA level and the risk and incidence of CRC was 

established. The combined faecal concentration of the three major SCFA molecules (acetate, 

propionate, and butyrate) was found to be significantly lower not only in CRC patients 

compared to healthy controls, but also in high-risk CRC individuals than those at low risk. 
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Therefore, gut SCFA level was inversely associated with CRC and incidence, and faecal SCFA 

concentration could be considered as a potential biomarker to identify the CRC progression. 

In this regard, measuring faecal SCFA levels is suggested as a non-invasive and complementary 

method to the current CRC screening procedures.  

Overall, SCFA molecules are beneficial in creating a healthy gut environment against CRC 

progression and regulating insulin secretion against T2D progression. This could be another 

aspect of the relationship between T2D and CRC, and the importance of a healthy diet to 

prevent these two medical conditions. 

Finally, in the fourth section, the concerning rising incidence of early-onset CRC (EOCRC: CRC 

diagnosed earlier than 50 years of age) led us to investigate this further by analysing a 

consecutive series of 3609 patients that underwent colorectal surgery over a 26-year period 

at Concord Hospital (NSW, Australia). The focus was on the incidence trend, 

clinicopathological features and survival in this age group. No rising trend was identified; 

however, rectal cancer was significantly more prevalent among patients with EOCRC. Besides, 

lymph node and distant metastasis, as well as poorly differentiated tumours were more 

prevalent in this age group compared to their older counterparts. Patients with EOCRC had a 

better five-year survival rate than older patients, but with only a marginal cancer-specific 

survival time of one year on average.  

The current National Bowel Cancer Screening Program commences at the age of 50 years. Our 

findings including a significantly higher percentage of metastasis in EOCRC, as well as 

significantly higher risk of developing an advanced tumour in this age group provides 

supporting evidence for lowering the commencement age for CRC screening.   
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In conclusion, this thesis has aimed to help improve our understanding of the relationship 

between diet, obesity, T2D and CRC by identifying the potential risk factors and biomarkers 

involved in T2D and CRC progression.  

The conceptual link between the four data chapters of my thesis is shown in Figure 1. Chapter 

2 (yellow) discusses the pancreas islet cell senescence data. The effect of diet and SCFA 

molecules on obesity and T2D progression is discussed in Chapter 3 (blue). A link between 

SCFAs and CRC risk is assessed in Chapter 4 (pink). Finally, EOCRC data that I analysed to 

identify the features that are associated with the younger CRC patients (orange), is on the 

right side. It is important to note that whilst the link between SCFAs, obesity, and T2D have 

been demonstrated in Diabetes and Islet Biology Group (Nhan et. al. 2023 Nutrition Reviews) 

and by others, more common links between CRC, obesity and T2D remain to be explored and 

established. 

 

Figure 1. Schematic of the conceptual link between T2D and CRC 
Chapter 2, 3, 4, and 5 are shown by yellow, blue, pink, and orange, respectively.  
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Chapter 1 - Introduction 

Based on the 2019 report for Global Burden of Disease (GBD), diabetes and cancer are among 

the most prevalent health challenges1. The International Diabetes Federation (IDF) (10th 

edition) has estimated that the number of individuals with diabetes will increase to 783 

million by 20452. Type 2 diabetes (T2D) constitutes ~90% of these cases3,4 and T2D numbers 

are reaching pandemic-like levels4,5. T2D rising incidence is accompanied by an increased risk 

of cardiovascular diseases and cancers, which in total imposes a great burden on the society 

and health system5,6.  

Colorectal cancer (CRC) is globally third leading cause of cancer death globally, encompassing 

10% of all diagnosed cancers7. It has been estimated that overall, the risk of CRC in all age 

groups will increase worldwide by 60% by 2030 leading to more than 1.1 million deaths and 

2.2 million new cases8.  

In addition, obesity, which is a major risk factor for T2D9, is positively associated with CRC 

risk10-13. T2D is associated with the increased risk of several cancers14,15, and several meta-

analyses reported the association between T2D and CRC, as well as the higher rate of CRC in 

individuals with T2D, compared to healthy individuals16-22. All these studies have revealed the 

link between obesity, T2D, and CRC10-22. Since T2D and obesity are reaching pandemic 

levels6,9, this increasing number could further increase CRC incidence, and therefore 

identification of associated or mechanistically-related obesity and T2D risk factors and 

biomarkers could also help predict T2D progression and improve the prevention and 

management of both T2D and CRC.  
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1.1 Type 2 Diabetes  

Type 2 Diabetes is an escalating global health concern characterized by hyperglycaemia5,23. 

The two known main factors involved in T2D pathogenesis are insulin resistance - in the liver, 

muscle, and adipose tissue - and impaired insulin secretion from pancreatic islet β-cells, i.e., 

functional β-cell loss5,24. The prevalence of T2D has surged to pandemic levels23,25, prompting 

substantial attention from healthcare professionals, policymakers, and researchers around 

the world23,26. Understanding the factors contributing to this increased prevalence and the 

widespread implications of T2D is crucial for effective diagnosis, management, and 

prevention efforts23,26. This introductory section discusses the global T2D trends, risk factors, 

pathophysiology, complications, management, challenges, and the need to identify readily 

available biomarkers of T2D progression. It then explores two novel aspects of T2D research 

in detail: 1) the telomere length and telomerase RNA component as potential T2D 

biomarkers; 2) the impact of oscillating healthy and unhealthy diet on glycaemic and incretin 

factors in vitro and in vivo. 

1.1.1 Global Prevalence and Trends 

According to the International Diabetes Federation (IDF), in 2021, approximately 537 million 

adults (20-79 years) were living with diabetes2. This number is projected to escalate even 

further to 783 million by 2045 if current trends persist2. Approximately 75% of individuals 

with diabetes are living in low- and middle-income countries2 and around 6.7 million people 

die due to diabetes annually2.  

Type 2 diabetes (T2D) constitutes ~90% of these cases3,4 and T2D numbers are reaching 

pandemic-like levels4,5. T2D rising incidence is accompanied by an increased risk of 

cardiovascular diseases and cancers, which in total imposes a great burden on the society and 
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health system5,6. It is important to note that one in three adults with diabetes are 

undiagnosed2, and thus they present with severe diabetes and complications at diagnosis23. 

Therefore, one of the major challenges in T2D management is diagnosing the disease at the 

early stages of progression23.  

1.1.1.1 Contributing Risk Factors to T2D Epidemic 

Several interconnected factors have contributed to the widespread prevalence of T2D23,24,27 

as listed below.  

1. Unhealthy Diets: The modern shift toward diets rich in refined sugars, unhealthy fats, and 

low in fibre has been closely associated with obesity, which in turn is the primary risk factor 

for T2D23,28. Excessive caloric intake, especially from sugary beverages and processed 

foods, contributes to weight gain and insulin resistance29,30. 

2. Obesity: The obesity epidemic has significantly fuelled the rise of T2D9. Excess body fat, 

particularly visceral fat, creates a chronic inflammatory state in the body and contributes 

to metabolic abnormalities such as insulin resistance that underlies T2D5,24. Adipose tissue 

is not just a fat storage site; it also plays a crucial role in regulating metabolism5,24. In 

obesity, especially abdominal obesity, adipose tissue can become dysfunctional, leading to 

the release of various adipokines that contribute to insulin resistance and inflammation5,31. 

Additionally, immune cells in adipose tissue can contribute to inflammation and metabolic 

dysfunction24,31. Moreover, increased levels of free fatty acids in the bloodstream, can 

contribute to insulin resistance5,31. 

3. Genetic and Ethnic Factors: Certain ethnic groups, such as South Asians and African 

Americans, have a higher risk of developing T2D due to genetic factors that interact with 
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environmental influences32,33. The genetic factors influence insulin sensitivity, beta-cell 

function, and glucose metabolism32,33. 

4. Physical Inactivity: Sedentary lifestyles have become increasingly common due to 

technological advancements, urbanization, and changes in occupation34,35. Reduced 

physical activity leads to weight gain and negatively impacts insulin sensitivity, heightening 

the risk of T2D34,35. 

5. Urbanization and Lifestyle Transitions: All the above factors are included in the rapid 

urbanization which often leads to shifts in dietary patterns and decreased physical 

activity23,26. Traditional diets rich in whole foods are replaced by energy-dense, nutrient-

poor diets, contributing to obesity and T2D28,30. 

6. Aging Population: The global increase in life expectancy has led to an aging population, 

and age is a major risk factor for T2D27,36. Aging is associated with decreased insulin 

sensitivity and impaired pancreatic function23,36. 

1.1.1.2 Health and Economic Impact of T2D 

The health consequences of T2D are multifaceted and severe23,26. Poorly managed T2D can 

lead to a range of complications, including cardiovascular diseases, kidney disease, 

neuropathy, retinopathy and non-healing ulcers that may result in amputations23,26. In 

addition, T2D significantly diminishes individuals' quality of life, affecting daily activities, 

mental well-being and overall life satisfaction23,26. The burden of constant blood sugar 

monitoring, medication and potential complications can be overwhelming23,26. Moreover, the 

cost of medical care, medications, hospitalizations and management of complications put a 

huge burden on family and health system23,26. These expenses could potentially divert 

resources from other essential areas considering the fact that T2D is preventable23,26. 
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The rapid escalation of T2D's prevalence draws parallels to a pandemic25. It affects diverse 

geographical, cultural, and socioeconomic populations25. However, it is important to note 

that T2D is largely preventable through lifestyle modifications23,37. Therefore, promoting 

awareness about healthy dietary habits, regular physical activity, weight management, and 

routine health screenings is paramount for prevention23,26. Nonetheless, low- and middle-

income countries are particularly vulnerable due to limited access to healthcare, education, 

and resources for diabetes prevention and management23,26.  

1.1.2 Pathophysiology of T2D 

The underlying mechanisms of T2D involve insulin resistance and an initial increase in insulin 

production by pancreatic β cells, followed by a gradual reduction in their ability to generate 

insulin5,24. When blood glucose level increases due to insulin resistance, the compensatory 

rise in insulin production by β-cells eventually leads to their exhaustion, premature 

senescence, apoptosis, and death, ultimately resulting in lowered insulin secretion24,38,39. The 

intricate combination of β-cell dysfunction and insulin resistance is responsible for the 

complexity of T2D23,24. In this regard, a model centred around β-cells has been suggested, 

highlighting abnormal β-cell function as the primary anomaly in T2D24,40.  

It has been proposed that there are other underlying causes that together with insulin 

resistance collectively result in T2D progression, including dysregulation of incretin 

hormones, increased breakdown of fats, elevated glucagon levels, enhanced glucose 

reabsorption in the kidneys, and disrupted appetite regulation all contribute to the 

pathophysiology of T2D23. This perspective was later expanded to include malfunctions in 

interconnected pathways, with compromised β-cell function acting as the central factor 

linking these pathways23. These pathways are shown in Figure 1.1. Therefore, pancreas (β and 
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α cells), liver, skeletal muscle, kidneys, brain, small intestine, and adipose tissue are the 

organs involved in T2D progression23,24. The incretin effect, gut microbiota dysbiosis, and 

inflammation are among the most important pathophysiological factors24,40.  
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Figure 1.1 The deleterious dozen in T2D progression 

The β-cell functional loss in T2D is attributed to 12 pathophysiological abnormalities. The potential therapeutic approach for each pathway is 
also stated. ↑=increase, ↓=decrease, DPP-4=dipeptidyl peptidase 4, GLP-1=glucagon-like peptide-1, IAPP=islet amyloid polypeptide, 
MRA=mineralocorticoid receptor antagonist, SGLT2=sodium-glucose cotransporter 2, *not the primary mechanism of action. From: Ahmad E et 
al. Lancet 2022.
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1.1.3 Downstream complications of T2D 

While the primary features of T2D is the disturbances in glucose metabolism, it can have 

significant downstream complications that affect various organ systems in the body5,23,27. 

These complications arise due to prolonged periods of elevated blood glucose levels and 

associated metabolic abnormalities23,27,41. These complications can be broadly categorized 

into two main groups of macrovascular and microvascular complications, affecting larger and 

small blood vessels, respectively42,43. 

1.1.3.1 Macrovascular complications 

Cardiovascular diseases (CVD): Prolonged hyperglycaemia leads to endothelial dysfunction, 

inflammation, and oxidative stress, promoting the development of atherosclerosis in major 

arteries27,43. Atherosclerotic plaques can narrow and obstruct blood flow, leading to angina 

or myocardial infarction43. Additionally, these plaques can rupture, triggering clot formation 

and further impeding blood flow, potentially causing strokes27,43. 

Patients with T2D face an increased risk of other CVDs such as cardiomyopathy that impacts 

the heart's structural integrity, arrhythmias leading to irregular heartbeats and potential 

sudden death, as well as cerebrovascular disease affecting blood vessels in the brain, and 

peripheral artery disease that impedes blood flow to limbs23,43. Notably, cardiovascular 

disease stands out as the primary cause of mortality among patients with T2D23,43. 

1.1.3.2 Microvascular complications 

Microvascular complications primarily involve damage to small blood vessels, affecting 

various parts of the body27,42. Around a quarter of individuals diagnosed with T2D experience 

the impact of diabetic nephropathy and/or retinopathy42. 
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Diabetic Neuropathy: This group of medical conditions can be categorized into peripheral 

neuropathy and autonomic neuropathy44. Peripheral neuropathy leads to numbness, tingling, 

and pain in the extremities45. Autonomic neuropathy affects the autonomic nervous system, 

causing gastrointestinal, cardiovascular, and urinary dysfunction46. Neuropathy and poor 

circulation in the lower limbs lead to reduced sensation and delayed wound healing47. These 

issues, combined with the formation of atherosclerotic plaques in the peripheral arteries, 

increase the risk of non-healing ulcers and gangrene45,47. In severe cases, the reduced blood 

supply necessitates amputation45,47. 

Diabetic Nephropathy: Elevated blood glucose levels lead to the accumulation of advanced 

glycation end-products, which provoke inflammation and oxidative stress in the kidneys48,49. 

Inflammatory pathways and oxidative stress contribute to kidney damage, eventually 

progressing to end-stage renal disease48,49. Additionally, if hypertension coexists in patients 

with T2D, its impact on the renal vasculature further exacerbates kidney damage48,49. The 

glomerular filtration barrier is damaged due to prolonged hyperglycaemia, leading to 

increased permeability, which in turn allows proteins, particularly albumin, to leak into the 

urine and proteinuria48,49. Diabetic nephropathy is the primary factor for the development of 

end-stage renal disease globally48,49. 

Diabetic Retinopathy (DR): This medical condition stands as a primary contributor to vision 

impairment among patients with T2D in their middle-aged and elderly years50,51. 

Approximately one-third of people afflicted by diabetes are affected by DR50,51. Advanced 

stages of DR are characterized by the abnormal growth of novel blood vessels within the 

retina, and diabetic macular oedema, denoting the accumulation of fluid and swelling within 

the retinal central region50,51. The escalated number of free radicals, advanced glycosylation 
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end products, and inflammatory agents lead to DR which is also found to involve 

neurodegeneration within the retina50,51.  

Skin and Wound Complications: Skin complications in T2D involve microvascular changes 

that impair wound healing and increase the risk of infections42. Poor circulation due to 

microvascular damage reduces the ability of tissues to repair themselves, leading to slow-

healing ulcers and an increased susceptibility to infections41,42. 

Cognitive Dysfunction: Microvascular changes in the brain can lead to cognitive dysfunction 

in T2D which is now considered as a risk factor of Alzheimer disease and vascular 

dementia52,53. Chronic hyperglycaemia contributes to inflammation, oxidative stress, and 

reduced blood flow to the brain, potentially increasing the risk of cognitive decline and 

neurodegenerative disorders52,53. 

It is important to note that apart from the well-known macro- and microvascular 

complications of T2D mentioned above, there also emerging number of evidence which 

associates T2D with cancer, infections, liver disease and affective disorders41. This will 

inevitably add additional burden for the management of T2D41. 

1.1.4 Clinical management of T2D 

Functional β-cell loss is the key component of T2D pathophysiology23,24. Even though a 

significant loss of β-cell function has already occurred by the time of T2D diagnosis24,40, 

effective control of blood sugar or the possibility of its temporary reduction can lead to a 

substantial recovery of functional β-cell mass24,40. This recovery might be attributed to the 

reactivation or regeneration of existing β-cells, as well as the transformation and renewal of 

other cell types within the pancreas23,24. 
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According to the consensus report by the American Diabetes Association (ADA) and the 

European Association for the Study of Diabetes (EASD)26, T2D management involved the 

management of blood glucose levels, body weight, cardiovascular risk factors, and T2D 

complications26. Based on the consensus, T2D management is recommended to follow a 

holistic approach encompassing those four segments26 as depicted in Figure 1.2. It is 

important to note that the first-line management is lifestyle management mainly involve the 

body weight control37 to improve the glycaemic condition and delay the progression from 

pre-diabetes before functional β-cell loss reaches significant levels23,26. This includes a 

balanced diet as the primary component of the lifestyle change as well as routine exercise23,26.  
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Figure 1.2 The management of T2D based on ADA and EASD 2022 

The multifaceted management including multiple factors and pharmacological treatments with the aim of preventing or delaying the 
downstream complications and maintaining the quality of life. From: Davies MJ et al. Diabetes Care 2022. 
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1.1.5 Challenges in diagnosis and management of T2D 

The major challenge in T2D diagnosis stems from the chronic and silent progression of the 

disease5,23. The progression is largely asymptomatic for an extended period5,29, and many 

individuals may not experience noticeable symptoms until the disease has progressed 

significantly23,29. This delays diagnosis and can lead to more severe complications24,29 and is 

worse in individuals at high risk such as those with genetic susceptibilities and high BMI9,29. 

Therefore, identifying individuals with prediabetes is crucial for preventing the progression to 

full-blown diabetes23,29. These apparently healthy individuals have higher than normal blood 

sugar levels but not high enough to be classified as diabetes and thus remain undiagnosed23,29. 

All these factors can result in delayed diagnosis and missed opportunities for early 

intervention since many individuals may not seek medical attention until the downstream 

complications of T2D arise5,24. 

Apart from diagnosis challenges, T2D management is faced with several obstacles5,37. Lifestyle 

modifications are introduced as the best strategy to tackle T2D26,37, however, sustaining these 

changes in the long term can be difficult for many individuals23,26. Many patients require 

medications to control blood sugar levels23,26. Adherence to medication regimens can be 

challenging due to factors such as complexity of dosing, side effects, and cost23,26. The ADA 

and EASD consensus recommended the personalised approach as the optimal T2D 

management strategy26 (Figure 1.2). Nonetheless, finding the right combination of 

medications and interventions for not only T2D but also its downstream complications per 

each patient can be a complex process23,26. In addition, regular monitoring of blood sugar 

levels, HbA1c (glycated haemoglobin), and other relevant markers is essential for adjusting 

treatment plans23,54. However, maintaining consistent monitoring can be logistically and 
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and medical conditions which influence the lifespan of red blood cells or haemoglobin levels 

independently of glucose levels54.  

Advocating a universal diabetes screening is not advised due to limited evidence supporting 

its cost-effectiveness or positive impact on health results23. It is also recommended that 

screening to be limited to only those individuals with elevated risk factors such as overweight 

or obesity, and a significant family history of T2D or prior gestational diabetes36,37. To date, 

no biomarker has proven to be the ideal marker for all individuals with type 2 diabetes under 

all circumstances54. Nonetheless, novel plasma biomarkers such as fructosamine, glycated 

albumin, and 1,5‑anhydroglucitol are suggested to enhance the predictive efficacy of the 

standard markers54.  

The quest for identifying novel T2D biomarkers started with genome-wide association studies 

(GWAS) to identify the susceptible polymorphisms32,33. Many of the identified variants were 

also involved in obesity and T2D comorbidities such as macro- and microvascular diseases, 

which shows common molecular changes underlying all these conditions32,33. Apart from the 

gene sequences, there are other mechanisms involved in gene expression that could be 

altered during T2D progression57,58. This include the recently studied epigenetic changes in 

different tissues, which is affected by the environmental factors58. This includes the DNA 

methylation and histone modifications in pancreatic islets, adipose, liver, and skeletal 

muscles32,33. Interestingly, the epigenetic changes in islet cells are for those genes involved in 

mature β cell function, insulin secretion, glucagon receptors, and glucose transporters32,33. In 

muscle cells, the same genes involved in oxidative phosphorylation which are normally 

downregulated in aging are also downregulated in T2D32,33. Additionally, distinctive changes 

in gene methylation were observed in the genes responsible for encoding inflammatory 
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proteins in both visceral and subcutaneous adipose tissue in T2D32,33. All these data reveal the 

complexity and heterogeneity of T2D progression and why it is considered a chronic disease 

that develops asymptomatically5,23. 

Metabolomics is another approach with great potential to identify deregulated metabolites 

of diverse metabolic pathways since T2D is fundamentally a chronic metabolic disorder59,60. 

Recent advancements in high-throughput technologies have enabled metabolomics and 

proteomics to detect potential biomarkers and pathways involved in T2D progression59,60. 

Whether as cause or consequence, it was found that the circulatory levels of branch chain 

amino acids are higher in individuals with obesity or insulin resistance than healthy 

individuals59,60; the same increased level was also observed in deoxycholic acid level – a bile 

acid59,60. Increased levels of several fatty acids such as diacylglycerols, triacylglycerols, and 

ceramides is also associated with insulin resistance59,60.  

By integrating metabolomics and proteomics with genomics in multi-omics approaches, a 

comprehensive analytical framework could emerge to start unravelling causal 

relationships23,27, as well as early detection of T2D considering the fact that one in three adults 

with diabetes are undiagnosed2.  

1.1.7 Telomere length in T2D 

Telomeres are known as the protecting factor of the tips of chromosomes ends61. Telomeres 

also play a role in regulating cellular senescence62 - the irreversible cell cycle arrest62, and 

telomere shortening is one of the hallmarks of the cellular senescence63,64. With each cell 

division, the telomeric ends gradually shorten61, and upon reaching a critical length known as 

the Hayflick limit, the cell enters a state of senescence61. Telomeres also serve as indicators 

of DNA damage65, a commonly used biomarker for measuring the biological aging66.  
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Telomeres exhibit susceptibility to DNA damage due to the presence of 3' single-stranded 

telomeric overhangs61, rendering them vulnerable to single-stranded breaks, especially when 

confronted with oxidative stress conditions67. Numerous investigations have highlighted that 

diminished telomere length serves as a reliable indicator of oxidative stress68, a factor that 

significantly expedites the process of telomere attrition67. Within the human context, there 

exists a notable connection between the length of telomeres and biomarkers indicative of 

oxidative stress67, a relationship that frequently exhibits heightened levels in individuals 

affected by diabetes68. 

In the context of high glucose levels observed in vitro, there's a notable tendency for cells to 

undergo irreversible progression to senescence62. However, this adverse effect can be 

mitigated by the overexpression of telomerase, an enzyme that maintains telomere length61. 

These findings shed light on the intricate mechanisms linking elevated blood sugar levels to 

the biological process of senescence, particularly in the context of diabetes68. Moreover, 

several recent studies have shown the association of their accelerated shortening with 

conditions such as cardiovascular disease, diabetes, and cancer69-71. Therefore, the attrition 

rate of telomeres length could be a potential biomarker of T2D progression and its 

downstream complications68. 

Structurally, telomeres are multiple tandem repeats of the TTAGGG sequence at the end of 

each chromosome arm72,73 (Figure 1.3). Human telomeres consist of intricate complexes 

formed by the interaction between telomeric DNA, and a protein complex named 

shelterin61,73 (Figure 1.3). Among the shelterin constituents, TRF1 and TRF2 stand out as they 

confer the capability to bind and recognize double-stranded telomeric DNA61,73. Other 

shelterin proteins such as POT1 and TPP1 envelops the single-stranded telomeric overhang – 
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the chromosomal termini61,73. This protective layer created by shelterin serves to cap the ends 

of chromosomes, serves as a shield against undesired processes such as degradation and 

fusion events that can compromise the integrity of telomeric DNA61. Other proteins such as 

TIN2 and RAP1 facilitate the integrity of shelterin complex and its binding to DNA61 (Figure 

1.3) 

 

Figure 1.3 Telomere, shelterin complex, and telomerase enzyme 

A) The six proteins of the shelterin complex (TRF1, TRF2, POT1, TPP1, RAP1, and TIN2) protect 
the telomere (left). Telomerase, shown on the right, contains the template RNA (TERC, green), 
and the reverse transcriptase protein (TERT). B) Several shelterin complexes form the T-loop 
to protect the telomere, shown in double-strand DNA with blue and red. The TTAGGG 
telomeric repeat is also shown. From: Chen F et al., Lancet Diabetes & endocrinology 2021. 
 

Due to the nature of DNA replication, telomere shortening occurs with each cell cycle and is 

maintained by the telomerase enzyme61,73 (Figure 1.3). However, this elongation mechanism 
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So far, there are only a few studies on β-cells telomere length90,91. Tamura et al. showed that 

β-cell TL is shorter in T2D patients compared to healthy individuals91. Later, they reported the 

age-dependent β-cell telomere attrition by plotting TL against age (0-100 years) in otherwise 

healthy individuals, despite not observing a significant decrease between the age of 18 and 

100 years90.  

1.1.7.2 Knowledge gap: establishing a biomarker for telomerase level in addition to LTL 

measurements to monitor T2D progression  

Telomere length is maintained by the activity of telomerase (Figure 1.3), a reverse 

transcriptase enzyme that adds the telomere repeat sequence to the end of telomeres61,73. 

This ribonucleoprotein enzyme is made up of an RNA component (Telomerase RNA 

Component or TERC), which serves as a template to synthesize the telomere repeats61,73 

(Figure 1.3). Telomerase activity is absent in non-dividing cells, and these cells enter the 

senescence phase when their telomeres reach a certain threshold to stop further 

proliferation61,92.  

It is worth noting that despite all the previous investigations on the association of shorter TL 

with T2D and its complications, assessing cellular senescence solely through TL measurement 

is not comprehensive by itself. Other aspects of telomere biology may improve the overall 

picture of disturbed telomere biology during T2D progression. This could include measuring 

telomerase level or activity which by itself is challenging, particularly when dealing with 

archived or biobanked plasma samples. Thus, there's a strong need for a dependable 

substitute that can reflect telomerase level or activity in plasma. This is crucial for discerning 

whether telomere shortening correlates with telomerase level or activity. 
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The potential to detect variations in telomerase level or activity could be achieved by 

assessing its long non-coding RNA component, TERC. This component could hold promise as 

a surrogate marker for telomerase activity. The primary objective was to delve into the 

biology of telomeres during T2D progression. Therefore, to comprehensively examine all 

three facets of telomere biology - telomere length, telomerase activity, and TERC levels, 

human Islet-derived Precursor Cells (hIPC)93 is selected as an in vitro model for pancreatic islet 

cells. The novelty of this investigation was to include the measurement of TERC levels for the 

first time as a component of telomere biology when exposing hIPCs to high and normal 

glucose level in vitro, while considering an additional condition of oscillating high and normal 

glucose to mimic the daily rapid fluctuation in T2D patients. 

This novel work also compared plasma TERC level between T2D patients and healthy 

individuals to estimate its impact as an additional factor of the telomere biology. Therefore, 

in addition to telomere length, evaluating the telomerase activity via TERC level measurement 

could provide a better evaluation to monitor T2D progression and CVD complications, as a 

predictive biomarker before the clinical diagnosis, as discussed in detail in Chapter 2. 

1.1.8 Diet, short-chain fatty acids, and incretin hormones in T2D 

Among the main risk factors of T2D, obesity is the leading one, and a high-fat diet is a primary 

contributor to obesity3,94. The nutrient content of digested food is absorbed by the 

enterocytes, whilst stimulating the enteroendocrine cells (EECs)95,96. These specialized cells, 

located in the inner surface of small and large intestines collectively form the biggest 

endocrine organ in the body95,96. As their name suggests they have endocrine functions, and 

they are traditionally divided into several groups of cells based on the type of hormones they 

produce95,96. EECs have specialized nutrient-sensing receptors that once stimulated, activate 
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downstream signalling pathways resulting in hormonal secretion97. These hormones include 

GLP-1 (Glucagon-like Peptide-1), GIP (Gastric Inhibitory Polypeptide), CCK (Cholecystokinin), 

PYY (Peptide YY), and Ghrelin96. GLP-1 and GIP are produced from L cells - in the ileum and 

colon - and K cells - in the duodenum, respectively98,99. These hormones are called incretin 

since they postprandially stimulate the pancreatic islets β-cells to promote insulin secretion 

to maintain glucose homeostasis98,99. They also play important roles in controlling the 

appetite, gastric emptying, and gut motility98,99. Apart from sensing carbohydrates, binding of 

short-chain fatty acid (SCFA) molecules to specific G protein-coupled receptors (GPCRs) on 

the luminal surface of L and K cells activate downstream signals which result in incretin 

secretion from these cells98-101. 

Short-chain fatty acids are fatty acids with two to six carbon atoms102,103. Acetic, propionic, 

and butyric acid constitute the majority of intestinal SCFA with a molar ratio of 60:20:20 and 

have 2-, 3-, and 4-carbon atoms respectively102,103. SCFAs act as signalling molecules to 

stimulate GPCRs, mainly GPR41 (FFAR3) and GPR43 (FFAR2), on the surface of EECs to activate 

signalling pathways that control the gene expression levels, mainly via epigenetic mechanisms 

such as histone deacetylase inhibition (HDACi) to promote the gene expression of incretins104-

106. 

Further, SCFAs are among the main metabolites produced by the microorganisms residing in 

the digestive tract, which are collectively termed gut microbiota107,108. Although the 

proportion of microbiota has been debated (based on nucleated vs all human cells and 

bacteria vs all microbes), a recent estimation suggested a ratio of 1:1 for the number of 

human cells to bacteri109. Irrespective of the ratio, there is no doubt that bacteria, through 

their metabolites, have a significant impact on human physiology108,110. They collectively act 
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as an organ, mediating the environment and our body by producing metabolites that are in 

constant crosstalk with the gut epithelium107,108,111. The Gut microbiota constitutes the largest 

community of commensal microorganisms in the body107,108. Collectively, these 

microorganisms mainly reside in the lower small intestine and colon and can metabolize 

nutrients that cannot be processed by the digestive enzymes of the gastrointestinal (GI) 

tract107,108. Fibre, technically termed nondigestible carbohydrates (NDCs), is the main 

identified dietary component in this category and SCFAs are produced through the 

fermentation of NDCs102-107,111-114. Therefore, the amount of dietary fibre intake could be a 

determinant of glucose homeostasis through gut microbiota-SCFAs-incretin axis96,98,99,108.  

1.1.8.1 Knowledge gap: understanding the effect of dietary oscillation on T2D progression 

Dietary oscillation, yo-yo dieting, or weight cycling is a consequence of attempts by many 

people to control their weight115. They turn to healthier foods when dissatisfied with their 

weight and revert to an unhealthy diet once they attain their desired weight116,117. These 

alternating shifts in dietary patterns have an impact on the gut microbiome composition and 

subsequently influence the production of metabolites such as SCFAs118,119.  

Oscillating SCFA levels could potentially influence the epigenetic suppression of incretin genes 

in EECs, leading to fluctuating incretin hormone secretion and subsequent intermittent 

effects on the host's glucose metabolism. In this context, butyrate can be considered as 

representative of SCFA molecules because the metabolic impact of SCFAs is predominantly 

attributed to butyrate120,121. Also, previously undisclosed findings from our research group 

have revealed that exposing T84 cells to butyrate for four days resulted in a substantial, dose-

dependent increase in GLP1 expression, a phenomenon not observed with acetate and 

propionate exposure. Additionally, in another unpublished experiment by our team, 
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prolonged exposure (168 days) to high levels of butyrate (10mM) maintained elevated GLP1 

gene expression. To build upon this line of investigation, this thesis intended to employ T84 

and HT-29 cell lines as the well-known models for colon epithelial cells122,123. Therefore, 

subjecting these cells to alternating high and low butyrate concentrations over multiple cycles 

could provide additional insight into the expression of incretin hormone genes. 

The effect of these intermittent changes can be investigated in more complex systems such 

as mouse models by subjecting mice to an alternating healthy and unhealthy diet. The 

combination of in vitro and in vivo experiments may also offer further understanding into the 

regulation of genes responsible for gene expression profiles of incretin hormones under 

different exposure conditions. Animal work can also provide an opportunity to examine 

potential instances of induced insulin resistance during dietary oscillations to study the 

impact of yo-yo dieting on T2D progression. The effects of the dietary oscillation can be 

compared with that of normal healthy diet as well as chronic unhealthy high fat diet to 

evaluate the diet-SCFA-incretin axis in relation to insulin secretion, along with changes in 

systemic insulin tolerance – two key physiological disorders in T2D progression5,23. This is 

novel research since studying the dietary oscillation in an animal model has not been 

previously reported, in particular when considering a cell model to back it up.   

Furthermore, several mouse behaviours that might be influenced or compromised by being 

exposed to dietary oscillation can be investigated. Comparing these changes with other 

exposure conditions can provide new insight into the effects of different diets on cognitive 

function and neuromuscular activities in mouse. Knowing that high-fat diets can have a 

negative impact on mice124-127, the implications of alternating between healthy and unhealthy 

diets on mouse neuromuscular functions is an uncharted territory. These investigations are 
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worth studying based on previous reports in patients with T2D including reduced olfactory 

sensitivity128, as well as peripheral neuropathy and nerve damage which impact the muscle 

strength and reflexes129,130.  

Dietary oscillation may be important in explaining the rising epidemic of obesity and 

T2D118,119.  Mechanisms linking diet to incretin production could play a central role in the long-

term consequences of weight cycling. All these analyses could improve our understanding of 

the potential effects of dietary oscillation on incretin secretion as one of the deleterious 

dozen in T2D progression (Figure 1.1). Chapter 3 discusses the effect of dietary oscillation in 

cell and animal models, focusing on factors involved in glucose homeostasis and T2D 

progression. 

 

1.2 Colorectal Cancer  

Colorectal cancer is a heterogeneous disease that develops from precursor lesions known as 

a colorectal polyp (either conventional adenomas or serrated polyps) which arise from the 

aberrant proliferation of colonic epithelial cells [the term colorectal adenoma (CRA) is also 

sometimes used]131-133. Around 80% of all CRC cases are sporadic which highlights the role of 

environmental factors on its development133,134. 

Globally, CRC constitutes approximately 10% of all cancer cases7. The disease ranks as the 

third most frequently diagnosed cancer, and the second leading cause of cancer-related death 

worldwide (9.4%)7. It is the second most prevalent cancer in women after the breast cancer, 

and the third most common in men after prostate and lung cancer133. Women experience a 

lower incidence and mortality rate, around 25% less than men133. Projections indicate a global 

increase of 60% in the overall risk of CRC across all age groups by 2030, resulting in over 1.1 
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million deaths and 2.2 million new cases8. These rates display geographic disparities, and the 

most developed countries showed the highest rate133. Additionally, the global incidence of 

CRC is estimated to increase by 60% to 2.5 million new cases in 2035133. Nonetheless, there 

was a stable or decreasing CRC incidence in highly developed nations, which is mostly related 

to preventive CRC screening programs for individuals over the age of 50 years8,133. On the 

other hand, a rising trend of CRC before the threshold age of screening has been observed 

and has been called Early-onset CRC (EOCRC)135-139 and in particular the incidence of rectal 

cancer in individuals younger than 50 years has been increasing140. 

1.2.1 Pathogenesis 

Colorectal cancer typically originates from an abnormal crypt that evolves into a precursor 

lesion known as a polyp133,134. The entire progression to CRC spans about 10 to 15 years133,134, 

and the main source of most CRC cases is thought to arise from stem cells or cells with stem-

cell-like properties134,141. These cancer stem cells emerge due to gradual accumulation of 

genetic and epigenetic changes that deactivate tumour-suppressing genes while activating 

oncogenes141,142.  

Two tumorigenesis pathways are proposed for CRC progression based on the primary 

precursor lesion134,141,142: the conventional adenoma-carcinoma pathway (also known as the 

chromosomal instability sequence) contributes to 70-90% of CRC134,141,142, and the serrated 

neoplasia pathway accounting for 10-20% of CRC134,141,142. These pathways represent distinct 

series of genetic and epigenetic events134,141,142. In the chromosomal instability scenario, 

genomic changes usually arise following an APC mutation, followed by RAS activation or loss 

of TP53 function131,142. In contrast, the serrated neoplasia pathway is linked to RAS and RAF 
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mutations, along with epigenetic modification characterized by CpG island methylation 

resulting in microsatellite unstable CRC131,142. 

In addition, there are distinct features associated with the cancers of right-sided (proximal) 

colon (cecum, ascending colon, hepatic flexure) and left-sided (distal) colon (cecum, 

ascending colon, hepatic flexure)133,134. For example, the sites of metastasis differ between 

these locations, as liver and lung metastasis originate mostly from left-sided colon while 

peritoneal metastasis arise mostly from right-sided colon143. Also, higher recurrence and 

lower survival rate is associated with the proximal than distal colon144.  

1.2.1.1 Consensus molecular phenotype 

The Consensus Molecular Subtype (CMS) of CRC refers to a classification system that 

categorizes colorectal tumours based on their molecular characteristics and genetic 

profiles145. The CMP defines distinct subtypes of CRC based on shared molecular features, 

which can provide insights into prognosis, treatment response, and potential targeted 

therapies. There are four commonly identified molecular subtypes of CRC named as CMS1-

4131,145,146.  

CMS1 (MSI Immune, 14%): This subtype is characterized by high levels of microsatellite 

instability (MSI-H) due to defective DNA mismatch repair mechanisms145,146. Tumours in this 

subtype often have a high mutation burden and are more responsive to 

immunotherapy145,146. 

CMS2 (Canonical, 37%): These tumours are characterized by traditional adenoma-like 

features and alterations in the Wnt signalling pathway145,146. This is the most common subtype 

and is associated with chromosomal instability (CIN) that leads to numerous chromosomal 

changes. These tumours are often associated with mutations in APC and KRAS genes145,146. 
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CMS3 (Metabolic, 13%): This subtype is characterized by metabolic dysregulation and 

epithelial-to-mesenchymal transition (EMT)145,146. Tumours in this category exhibit distinct 

metabolic changes and are associated with poor outcomes145,146. 

CMS4 (Mesenchymal, 23%): These tumours show prominent stromal infiltration and a strong 

mesenchymal phenotype145,146. They are associated with higher likelihood of invasion to 

surrounding tissues and distant metastasis145,146. 

The remaining 13% of CRC tumours cannot be assigned to either of the four CMS categories 

due to mixed genomic signature and intratumor heterogeneity147.  

1.2.1.2 Hereditary syndromes 

Up to 10% of all CRC cases are affected by hereditary syndromes133,148. The hereditary cases 

are either polyposis (FAP) or non-polyposis (Lynch) syndrome133,148. Familial Adenomatous 

Polyposis is characterized by the development of numerous benign adenomatous polyps in 

the colon and rectum with a high risk of becoming cancerous148,149. This autosomal dominant 

genetic disorder is caused by mutations in the tumour suppressor gene APC similar to CMS2 

in sporadic CRC148,149. Lynch syndrome or hereditary non-polyposis colorectal cancer (HNPCC) 

is another autosomal dominant disease characterised by mutation in one of the alleles coding 

for DNA mismatch repair proteins150,151. These tumours are similar to CMS1 category150,151; 

however, these patients have an increased risk of developing other cancers since they carry 

a germ-line mutation148,150,151.  

Hereditary CRC often presents as early onset of CRC due to carrying a germ-line 

mutation133,148. Nonetheless, it is important to differentiate the hereditary syndromes from 

sporadic EOCRC, which is characterized by the CRC onset before the age of 50 years133,134. 

Sporadic EOCRC is diagnosed based on age without the presence of a known underlying 
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genetic cause133,134, however, FAP and Lynch syndrome is caused by genetic mutations148-150. 

In addition, while family history can be a risk factor in EOCRC, it does not necessarily imply a 

hereditary genetic predisposition133,141. In contrast, Lynch Syndrome is often characterized by 

a strong family history of CRC and other associated cancers, signifying the hereditary 

component150,151. Moreover, individuals with Lynch syndrome require more intensive 

surveillance and preventive measures such as regular colonoscopies and screenings due to 

the higher CRC recurrence risk and the risk of other cancers150,151.  

1.2.2 Stages of CRC 

Properly staging colorectal cancer is crucial for determining the extent of the disease, 

planning appropriate treatment strategies, predicting prognosis and facilitating 

communication among healthcare professionals152. The staging system provides a 

standardized framework to describe the size and extent of the primary tumour, lymph node 

involvement and the presence of distant metastases133,153. The most commonly used staging 

system for CRC is the American Joint Committee on Cancer (AJCC) tumour-nodes-metastasis 

(TNM) system, which classifies the disease into stages based on the following components 153. 

The TNM system comprises three main parameters: T, N, and M. The tumour itself is defined 

by T (Tumour) which describes the size and extent of the primary tumour within the colon or 

rectum. The involvement of lymph nodes is defined by N (Nodes) indicating the tumour 

spread to the regional lymph nodes152,153. Lastly, M (Metastasis) reflects the presence or 

absence of distant metastases, indicating whether the cancer has spread to other parts of the 

body152,153. All these parameters are summarised in Table 1.3. Combining T, N, and M leads 

to the overall TNM stage grouping, summarized in Table 1.4. The extent of tumour growth in 

stage 0-IV is shown in Figure 1.4.  
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Figure 1.4 Schematic of CRC stage and progression 

Schematic view of CRC stage 0-IV. (From: https://www.bowelcanceraustralia.org/bowel-
cancer-staging) 
 

1.2.3 Risk factors of CRC 

One of the most significant risk factors for CRC is age133,134, with the risk increasing notably as 

individuals advance beyond the age of 50133,134. Male sex is shown a strong association with 

the disease133,134. Other non-modifiable factors such as genetic predisposition plays a crucial 

role133,141. Positive family history exists in approximately 10–20% of all CRC patients133,141. 

These hereditary risk factors and genetic predispositions depends on the number and degree 

of affected relatives as well as their age at onset of CRC133,134,141. Individuals with a family 

history of certain hereditary condition such as familial adenomatous polyposis (FAP) and 

Lynch syndrome are at increased risk134,141. Moreover, a personal history of colorectal polyps, 

or other cancers such as ovarian, endometrial, or breast cancer can further increase the 

risk133,134,141. Inflammatory bowel disease (IBD) such as Crohn's disease and ulcerative colitis 
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elevates the risk due to their prolonged deleterious impact of inflammation to the 

bowel133,141. Furthermore, individuals with T2D have an elevated risk of developing CRC21,154. 

Among the modifiable risk factors, lifestyle play a major role133,141. Systematic reviews have 

shown that diets rich in red and processed meats155,156 while lacking in fibre, fruits, and 

vegetables have been linked to an increased CRC risk157-159. Sedentary lifestyles and obesity 

further compound this risk10,11. Smoking tobacco and high consumption of alcohol have been 

established as other environmental risk factors160. It is important to note that the CRC 

development is influenced by an interplay of genetic and environmental factors133,141, 

however, environmental factors play a substantial role in developing CRC which is reflected 

in the fact that 80-90% of all CRC cases are sporadic133,161.  

1.2.4 Diet and SCFAs in colorectal health 

As stated earlier, the main CRC risk factors are family history, older age after the fifth decade 

of life, male sex, and lifestyle including diet, obesity, physical activity habits, smoking, and 

alcohol consumption132,133. Diet plays a substantial role among the environmental factors, and 

the dietary components can provide a healthy or unhealthy environment in the bowel lumen 

via gut microbiota composition and their produced metabolites107,111,113.  

The metabolites generated by the gut microbiota are in constant communication with 

colonocytes, with short-chain fatty acids (SCFAs) comprising a significant portion of these 

metabolites107,112,113. 

In addition to the role of diet and SCFAs on glucose homeostasis and T2D progression - 

discussed in section 1.1.8 and Chapter 3 - dietary fibres exhibit beneficial anti-inflammatory, 

anti-carcinogenic and pro-apoptosis effects on colonocytes, mainly mediated through the 
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production of SCFAs from specific gut microbiota107,111,114. Therefore, our diet can potentially 

contribute to the pathogenesis of colonic diseases such as IBDs as well as CRC103,105,112.  

Apart from acting as signalling molecules for EECs, SCFAs have many direct physiological 

effects on colonocytes103,106,113. These molecules are the energy source for colonocytes and 

help maintain colonic homeostasis through the integrity of the mucosal barrier, regulation of 

energy metabolism, and inhibition of gut pathogen growth via lowering the lumen 

pH102,103,106. Furthermore, in vitro and animal model studies revealed several anti-

inflammatory, anti-carcinogenesis and anti-oxidative roles of SCFAs, as they affect colon 

epithelial or immune cell proliferation, and differentiation104-106. The beneficial properties of 

dietary fibres to protect against colorectal cancer, T2D, obesity, and IBDs appear to be 

mediated through SCFAs106,107. Among the three major gut microbiota-generated SCFAs – 

acetic, propionic, and butyric acid, although acetic acid is the most abundant gut SCFA, butyric 

acid is the main SCFA with varied physiological benefits for colonocytes102,103,106,112. 

Additionally, butyric acid is recognized as a primary energy source for colonocytes102,103,107. 

Consequently, colonic health could be affected by alteration in SCFA concentrations resulting 

in the abnormal growth of colonocytes and tumour development105,106.  

1.2.4.1 Knowledge gap: establishing a link between SCFA level and CRC progression 

Several in vitro and in vivo studies have demonstrated the beneficial effects of SCFAs in 

CRC102,104,106, however, human studies investigating the association between SCFA 

concentration and risk and/or incidence of CRC, have been inconclusive162-167. Other human 

studies have examined the SCFAs levels in faecal samples of patients with colorectal 

carcinoma or adenoma162,163,165-179. Another series of investigations were conducted to 

compare faecal SCFA concentrations among healthy individuals residing in different 
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geographical locations or ethnic backgrounds, particularly those with the highest and lowest 

CRC incidences180-185.  

Nevertheless, due to inconsistent findings, a conclusive assessment of SCFA profile in patients 

with CRC or at-risk individuals is currently absent. Due to the protective effect of dietary fibres 

against CRC progression157-159, it was hypothesised that the faecal concentration of the three 

major SCFA molecules is associated with the CRC risk and progression. The results of all 

primary observational human studies can be analysed systematically to investigate the 

association between the three major SCFA molecules on the two categories of CRC risk and 

CRC incidence.  

It would be of great benefit to divide these studies into two distinct categories of CRC 

incidence and CRC risk. The focus can be on comparing the patients with CRC, apparently 

healthy individuals with diagnoses colorectal adenoma, and healthy controls. Moreover, 

comparing the populations with the highest or lowest incidence of CRC can provide a valuable 

result about the concentration of faecal SCFAs in those regions. All these data can help 

identify a potential link between SCFA level and CRC. 

1.2.5 Diagnosis and management of CRC 

Colorectal cancer often remains without noticeable symptoms until it becomes an advanced 

disease133,134. The CRC symptoms such as abdominal pain and change in bowel habits are not 

CRC specific133,134. However, rectal bleeding, although not specific to CRC, can be considered 

as a symptom133,134. Rectal bleeding in combination with other risk factors such as positive 

family history of CRC and weight loss warrant an in-depth examination by colonoscopy133,134. 

Colonoscopy is the gold standard for CRC diagnosis which can identify tumour location with 

high accuracy133,186. It involves inserting a flexible tube with a camera into the rectum and 
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colon to examine its lining to detect various conditions such as polyps, cancer, IBDs, 

diverticulosis, and bleeding133,186.  

1.2.5.1 Endoscopic treatment 

Apart from diagnosis, colonoscopy is used to remove polyps and collect biopsy samples at the 

same time for diagnosis133,134. The diagnostic biopsy is used for histological validation and for 

molecular profiling133,134. Notably, colonoscopy remains the sole screening method that 

delivers both diagnostic and therapeutic benefits133,186. By removing neoplastic polyps, it 

effectively prevents the tumour formation and possible metastasis leading to treatment and 

the patient survival133,134. The efficacy of colonoscopy in reducing CRC incidence and mortality 

was first demonstrated in the US population187,188. 

1.2.5.2 Surgical treatment and post-surgical survival 

Surgery is the fundamental curative intervention for individuals diagnosed with non-

metastasized CRC133,134. In more advanced tumours, neoadjuvant therapy (such as 

preoperative chemotherapy and chemoradiotherapy or radiotherapy for locally advanced 

cancer can enhance the likelihood of a successful resection133,134.  

Post-treatment long-term survival of CRC patients depend primarily on the cancer stage8. 

Patients diagnosed with CRC in its early stages show the average 5-year survival rates of 

around 90%134, whereas the survival rates for those with advanced-stage metastatic disease 

is as low as 10%134. Also, the survival rate of CRC at earlier stages was lower in elderly patients 

compared to their younger counterparts133,134. The high incidence of CRC, low survival rate 

for the metastatic disease and the high costs of treatment, together with the fact that CRC is 

mostly an asymptomatic disease until late stage has prompted the adoption of CRC screening 

programmes in many countries in all individuals with 50–75 years of age133,134,186,189.  
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1.2.6 Prevention of CRC 

Primary prevention of CRC includes controlling for the modifiable risk factors by adopting a 

healthier lifestyle and measures such as regular exercise, active lifestyle, quit smoking, and 

most importantly improving the diet by for example higher intake of fibre-rich foods107,133. 

Several meta-analyses have shown the association between high CRC risk and high 

consumption of processed and unprocessed meat155,156, as well as the role of high fibre intake 

as a protective factor against CRC progression157-159. The potential chemopreventive effects 

of vitamin D, folate, and calcium is also proposed190,191.  

1.2.6.1 Secondary prevention 

Colonoscopy is the primary method to prevent CRC with high sensitivity and 

specificity133,134,186,189. The procedure is invasive; however, it provides the advantage of 

directly excising the colorectal polyps and precursor abnormalities133,134,186,189. Therefore, 

those at heightened risk, such as individuals with hereditary or familial predisposition, or with 

the prior history of adenomas or CRC are advised to undergo periodic colonoscopy 

surveillance133,134,186,189.  

There are other non-invasive methods available for the population screening of CRC186,189. 

The guaiac faecal occult blood test (gFOBT) and faecal immunochemical test (FIT) are non-

invasive stool-based methods192-194. These two stool-based screening tests are much cheaper 

than colonoscopy, however, with lower sensitivity and specificity since the presence of blood 

in the stool could be related to other underlying conditions such as haemorrhoids, 

Diverticulosis, ulcerative colitis, Crohn's disease, and other gastrointestinal 

bleedings186,189,192,193. Therefore, a positive gFOBT or FIT test should be followed up by 

colonoscopy.  
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1.2.7 Early-Onset Colorectal Cancer  

Globally, the CRC incidence has either declined or remained stable over the past two 

decades135,195,196. This trend can largely be attributed to the implementation of CRC screening 

programs for individuals aged 50 and above197-199. Age is one of the main risk factors of CRC 

is, and the risk of developing CRC significantly increases after the age of 50 years132,133. In 

western countries, population screening of CRC is performed from the age of 50 years133,200. 

These preventive methods have improved the detection and removal of initial polyps before 

transforming into carcinoma and therefore has lowered the number of CRC cases133,200.  

However, the rate of the diagnosis of CRC in before the age of 50 years, i.e., EOCRC, is 

increasing in western countries which is exacerbated by a lack of screening in this age 

group138,200-204. In 2010, 4.8% of colon cancers and 9.5% of rectal cancers were detected in 

younger individuals before the age of 50 years205. It is projected that by 2030, these figures 

will rise significantly to comprise 10.9% of colon cancers and 22.9% of rectal cancers205. This 

doubling within two decades is an alarming rise in EOCRC incidence197,205. Sporadic EOCRC 

now comprises approximately 10% of all CRC cases136. Importantly, EOCRC typically involves 

the rectum or distal colon and often manifests at more advanced stages, possibly due to 

delayed diagnosis and the absence of screening for this age group198,199. 

This escalating trend has been observed in cancer registries spanning 20 European countries, 

collecting data between 1990 and 2016203. Within the United States, an examination of the 

population-based Surveillance, Epidemiology, and End Results (SEER) database from 1980 to 

2016 revealed a rise in EOCRC cases and an increased incidence of rectal cancer in this 

demographic206. Furthermore, the rising prevalence of EOCRC within this age bracket was also 

evident in the US Cancer Statistics report covering the years 2001 to 2017202. Intriguingly, a 
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comparative analysis of EOCRC incidence between the United States and Europe unveiled a 

significantly higher occurrence rate in the US, potentially linked to the higher prevalence of 

obesity in the US population207. These investigations collectively highlight the disconcerting 

increase in EOCRC cases across both the US and Europe, a pattern similarly found in UK195, 

and Canada208. 

In Australia, the incidence of CRC stands among the highest in developed nations209. While 

the overall incidence has been decreasing for individuals aged over 50 since the mid-1990s, a 

notable increase in the occurrence of both colon and rectal cancer has been reported in 

individuals under the age of 50 over the past twenty years210. However, two population-based 

studies conducted in the two most populous states of the country reported stable incidence 

rates of EOCRC211,212. Similarly, other studies in the UK and Japan also found no evidence of 

an increase in the proportion of EOCRC cases213,214.  

This highlights the need for targeted research and interventions to address the unique 

challenges posed by EOCRC204,215 and necessitates a deeper understanding of its aetiology 

and implications for clinical practice199.  

1.2.7.1 Current challenges in EOCRC management 

The same risk factors for CRC also contribute to sporadic EOCRC progression216,217. Apart from 

hereditary CRC with younger age onset, genetic predisposition may play a role in sporadic 

EOCRC218,219. It means that tumour may develop earlier in susceptible individuals217,219. 

Molecular analyses of EOCRC cases have revealed some distinct features compared to later-

onset CRC220,221. There were also some attempts to classify EOCRC based on the tumour 

location221. However, EOCRC is marked by significant heterogeneity in terms of clinical 

presentation and molecular features222,223. Therefore, a lack of standardized diagnostic 
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criteria, molecular subtyping, and staging systems specific to EOCRC makes it challenging to 

compare results across studies and establish consistent management guidelines199,204.  

In addition, while genetic predisposition is recognized as a major factor in EOCRC, identifying 

all relevant genetic variants and understanding their functional significance is 

complex216,217,219. The contribution of polygenic risk factors, rare mutations, and their 

interactions is not fully elucidated, making it difficult to implement effective genetic screening 

and counselling strategies199,204. However, one of the most challenging fact about sporadic 

EOCRC is related to the diagnosis of the disease at the younger age199,204. Sporadic EOCRC 

often presents with non-specific symptoms and therefore at more advanced stages due to 

delayed diagnosis138,224. This is exacerbated by the lack of awareness among clinicians as they 

mostly expect to see the disease at later age225,226.  

Tailoring treatment strategies for EOCRC based on molecular characteristics is a promising 

avenue, but challenges arise in identifying actionable mutations and developing targeted 

therapies222,223. Clinical trials specific for treatment of sporadic EOCRC is another challenge 

since patient recruitment for these trials can be difficult due to the rarity of the disease227. 

Furthermore, the lack of reliable animal models that mimic EOCRC development hinders the 

investigation of underlying molecular mechanisms and the testing of potential therapeutic 

interventions in a controlled environment.  

Currently, most existing research on EOCRC is retrospective in nature, however, prospective 

studies are needed to gather comprehensive, real-time data on EOCRC patients204. This may 

allow for a better understanding of risk factors, disease progression, treatment response, and 

outcomes204. There is also the need for standardized data collection and sharing protocols to 
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enhance collaborative efforts and achieve a comprehensive understanding of sporadic 

EOCRC228.  

It is important to note that patients with sporadic EOCRC appear to have a better overall 

survival compared to their older counterparts229. However, since they suffer from the disease 

at younger age, the long-term survival is still not clear compared to late-onset CRC patients227. 

The long-term physical, psychological, and social impacts of EOCRC and its treatments on this 

younger age group are not well understood225. Addressing survivorship concerns, fertility 

preservation, and quality of life issues requires specialized support and research efforts227.  

The rising incidence of sporadic EOCRC could also be related to other comorbidities as risk 

factors of CRC216,219. For example, the age at onset of IBDs is around 40 years230, which can 

result in CRC progression at the younger age considering the fact that environmental risk 

factors such as unhealthy diet and sedentary lifestyle are more prevalent231.  

Nonetheless, lifestyle factors, such as high consumption of processed meats, low fibre intake, 

and sedentary behaviour, are implicated in sporadic EOCRC cases216,217. Obesity as another 

CRC risk factor is becoming more prevalent among young individuals over the past recent 

decades232. Considering obesity as one of the contributing risk factors for CRC233, the rising 

tide of obesity and sedentary lifestyle among young people could be a possible reason for the 

earlier age at diagnosis of CRC200. Obesity by itself is the main risk factor of T2D37, which in 

turn is associated with higher incidence of CRC13,233. Taken together, all these environmental 

factors could contribute to the rising incidence of sporadic EOCRC over the past two 

decades234.  

Considering all the challenges discussed here as well as the concerning rise in EOCRC 

incidence warrant the development of reliable and cost-effective screening methods for 
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younger populations, especially those without a strong family history234. Determining the 

appropriate age to initiate screening remains a topic of debate197,234. 

1.2.7.2 Knowledge gap: exploring features associated with sporadic EOCRC 

Australia is among the countries with the highest prevalence of CRC235,236. Additionally, 

several studies have reported either a rising trend or a steady trend in the incidence of EOCRC 

in the Australian population139,211,212,237,238. Given the disparities in various population-based 

studies within Australian states and the perceived lack of understanding regarding the 

implications of EOCRC in the local context, further cohorts need to be analysed. The focus 

needs to be on sporadic EOCRC by excluding the hereditary cases since the underlying 

mechanisms of sporadic and hereditary cases are distinct138,234. Other outcomes such as the 

trend of sporadic EOCRC incidence as well as clinicopathological features can be studied using 

a longitudinal approach. These features could include the primary tumour location (proximal, 

distal colon, or rectum), tumour histology (adenocarcinoma, mucinous, signet ring), tumour 

stage, metastasis (lymph node or distant), and pattern of metastasis. Comparing EOCRC with 

their older counterparts could be beneficial to understand the features that specifically 

associated with patients in the younger age group. In addition, examining the survival 

between the two age groups can provide valuable information. Furthermore, all these factors 

can be compared between men and women with sporadic EOCRC to identify the possible 

differences between them.  

All these potential results may provide additional evidence and support for reducing the 

commencing age of the current Australian National Bowel Cancer Screening Program to 

identify more young individuals at risk of diagnosis with advanced EOCRC. These results could 

challenge the traditional screening recommendations that typically target older 
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populations234. This could prompt the discussions about the need for earlier screening 

guidelines for individuals at higher risk. Chapter 5 of my thesis is dedicated to such in detail 

analyses.  

 

1.3 Hypotheses  

In this thesis, four hypotheses were explored, each contributing to a comprehensive 

understanding of T2D and CRC progression whilst laying the foundation for further research 

in the field. Regarding T2D, the first hypothesis centres on the potential of TERC, the RNA 

component of telomerase enzyme, as a complementary biomarker to the telomere length 

attrition during T2D progression. In another aspect of T2D, it is hypothesised that dietary 

oscillation may adversely affect glucose metabolism via changing the SCFA content in the 

colon and the subsequent imbalance in incretin hormones. The linking hypothesis between 

T2D and colorectal cancer is a relationship between the concentration of SCFAs and increased 

risk of CRC. Lastly, with regards to CRC at younger age, the hypothesis is that there are specific 

tumour features and risk factors that associated with that age group. 

1.4 Aims 

In this thesis, a set of four objectives was formulated to address the hypotheses above. The 

enumerated list of these objectives is as follows. 

1) To employ hIPCs as a model of human islet cells to investigate the telomere length 

attrition rate, as well as changes in TERC expression level and senescence markers by 

exposing the cells to different glucose conditions.  
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2) To study the potentially deleterious effects of dietary oscillation on incretin hormone 

levels by A) Analysing the changes in their gene expression level in human colonic cell 

lines exposed to intermittent SCFA concentrations; B) Performing an animal study 

including exposing the mice to alternating healthy and unhealthy diet to investigate 

the downstream effects on obesity, glucose metabolism, and behavioural changes.  

3) To conduct a systematic review and meta-analyses of the evidence to assess the 

association between faecal SCFA levels and the risk or incidence of CRC. 

4) To investigate sporadic EOCRC incidence and to identify potential incidence trends, 

risk factors as well as clinicopathological and survival features associated with this age 

group by analysing a large cohort including 3609 CRC cases collected over a 26-year 

period.  
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Chapter 2 - Telomere Length Preservation and Cellular Senescence 

in Type 2 Diabetes Progression 

 

2.1 Background 

Type 2 diabetes is a chronic health condition and telomere attrition has been associated with 

T2D progression and accompanied by clinical complications5,6,63,68. The pathophysiology of 

T2D encompasses decreased β-cell mass due to the increased activity of these cells to produce 

insulin to compensate for insulin resistance-derived hyperglycemia24,39. The relative leukocyte 

telomere length (rLTL) is commonly measured in readily available plasma samples as an 

estimation of biological aging and cellular senescence in chronic diseases63,239. Several meta-

analyses have reported shorter rLTL in T2D patients71,75,76, which in general depends on two 

factors: telomeric attrition during each cell division and the capacity of telomerase to repair 

this shortening68,72,73.  

Telomerase is a ribonucleoprotein enzyme with a lncRNA (Long non-coding RNA) component, 

called TERC, which does not have a catalytic function but serves as a template for the enzyme 

to add telomere repeats61,72,73.  

It is important to note that telomere length measurement by itself is not fully representative 

of cellular senescence, and measuring telomerase activity is a big challenge, especially in 

stored/biobank plasma samples. Therefore, A reliable surrogate for telomerase activity in 

plasma is highly desired to understand if the telomere shortening is associated with 

telomerase activity.  
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We hypothesized that changes in telomerase activity could be measured through assessment 

of its lncRNA component, TERC, which can potentially provide a surrogate of telomerase 

activity. Since the overall aim was to investigate the telomeres biology during T2D 

progression, we decided to evaluate all three aspects of telomere biology - telomere length, 

telomerase activity, and TERC level - in human Islet-derived Precursor Cells (hIPC)93 as the 

representative model of pancreatic islet cells. 

We also hypothesized that different glucose conditions could affect the β-cells senescence 

and telomeres differently, and thus aimed to investigate the telomere shortening rate, and 

TERC level as well as the expression levels of senescence markers in glucose-exposed hIPCs.  

It is important to note that telomeric length shortening is one of the hallmarks of cellular 

senescence62-64. This is the permanent state in which the cells stop dividing i.e. cell cycle 

arrest240,241. The cell cycle is regulated by an intricate network of proteins including cyclin, 

cyclin-dependant kinase (CDK), CDK inhibitor (CDKi), and checkpoint molecules242. As the 

negative regulators of cell divisions, CDKi molecules are among the main inducers of cellular 

senescence, of which p21CIP (hereafter p21) and p16INK4a (hereafter p16) and expressed by 

CDKN1A and CDKN2A, respectively, are considered as the main inducers of cell cycle 

arrest62,240,241. p21 and p16 are well-known and specific markers for establishing and 

maintaining cellular senescence62,240,243.  

The two well-known senescence pathways are p53/p21 and p16/pRB240,241,244. The former is 

induced by DNA damage caused by telomere shortening or other sources of nuclear 

stress240,241. DNA damage activates key proteins involved in senescence such as 53BP1 (p53-

binding protein 1), ATM (Ataxia Telangiectasia Mutated protein) and ATR (ataxia-

telangiectasia and Rad3-related protein)240,241. ATM and ATR phosphorylate the downstream 
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checkpoint kinases CHK2 and CHK1, respectively, which in turn lead to p53 

phosphorylation240,241. The phosphorylated p53 is more stable and stimulates the p21 

expression62,240,241. p21, together with p27 and p57, can inhibit several CDK molecules 

including CDK2 and CDK4 causing the cell to arrest at the G1 stage240,241,243.   

p16 is another CDKi molecule playing a key role in maintaining the senescent state of the 

cell62,240,241,243-245. Downstream of p16 is the RB family of tumour suppressors (pRB, p107, and 

p130)244,246. These proteins inhibit the cell cycle progression when bound to E2F proteins, the 

activator of the genes involved in cell cycle progression (G1 to S phase)241,244. 

Hyperphosphorylation of the RB protein family by CDK molecules (CDK2, CDK4, and CDK6) 

release RB proteins resulting in cell cycle progression (G1 to S phase)244,246. Inhibiting the CDKs 

by CDKi molecules such as p16 and p15 lead to the binding of RB proteins to E2Fs and 

subsequent cell cycle arrest241,243.  

Apart from well-known molecules regulating cellular senescence, there are several factors 

involved in the cell cycle. Among them, cyclin molecules such as A2, B1, D1, D2, D3, E1, and 

E2, as well as CDK1, p18, and p19 play important roles in either G1 to S or G2 to mitosis phase 

of the cell cycle242,247. Therefore, activation or inhibition of these molecules could potentially 

affect cellular senescence. Besides, proteins that protect at telomere ends such as telomeric 

repeat binding factors 1 and 2 (TRF1 and TRF2) are worth being investigated for studying the 

telomeres biology in cellular senescence92,248.  

Other factors are also considered the classic markers of cellular senescence. Lamin B1 is a 

scaffolding component of the nuclear envelope, and its decreased level is studied in senescent 

cells 62,65. Galactosidase β1 (GLB1) is a lysosomal enzyme accumulating in senescent cells 

which are used as another classic marker for senescence65,245. Proliferating cell nuclear 
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antigen (PCNA) is also used to distinguish senescent from proliferating cells240,245, and GSK3B 

(glycogen synthase kinase 3 beta) is involved in the regulation of the metabolic phenotype in 

senescent cells249,250. Another molecule of interest is BCL-W, a well-known antiapoptotic 

protein upregulated to maintain the senescence state240,246. On the contrary, sirtuin proteins 

are shown to be involved in delaying cellular senescence and aging65,251.  

Interestingly, senescent cells can affect their microenvironment by secreting a complex of 

proteins called senescence-associated secretory phenotype (SASP) as another hallmark of 

cellular senescence240,241,243,244,252,253. This SASP signature constitutes proinflammatory 

cytokines and chemokines (notably interleukin 6 and 8), matrix metalloproteinases 

(degrading the extracellular matrix, such as MMP1), insulin-like growth factor binding 

proteins (IGFBPs), and serine/cysteine proteinase inhibitors (SERPINs)252-255. SASP factors are 

activated at the transcription level, notably by NF-κB (nuclear factor-κB) and 

CCAAT/enhancer-binding protein-β (C/EBPβ), and GATA Binding Protein 4 (GATA4) 

transcription factors62,240,241,246,253,255. p38MAPK (mitogen-activated protein kinase 14, or p38) 

is a MAP kinase family which acts as a modulator of SASP factors 244,246, and is related to DNA 

damage and p53241.  

In summary, there is no single marker identified for cellular senescence and this phenomenon 

is not studied in all the tissues240,245,252. Nonetheless, a set of senescence markers is a better 

option to study the changes in the differentiated cells with replicative arrest240,245,252. 

Therefore, a customised panel of senescence markers was designed to investigate the 

expression of 50 known senescence-associated molecules in hIPC samples aiming to evaluate 

the potential changes in the expression of these biomarkers during their cell passages till their 

replication arrest, while being exposed to the three aforementioned glucose conditions. The 
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results could provide us with a better understanding of gene expression during the 

senescence of islet cells as a potential therapeutic option to slow down their senescence 

during T2D progression.  

 

2.2 Methods 

2.2.1 Cell culture 

The human cadaveric samples of pancreas islets used in this study were obtained through 

human research ethics committee (HREC) approvals X16-0289 (previously X12-0176) and the 

HREC/12/RPAH/282 as well as MQ5201300330 protocols and Western Sydney University 

human ethics number H14213.  

2.2.1.1 Phase 1 

The overall procedure of Phase 1 is shown in Figure 2.1. Four hIPC samples were cultured in 

CMRL media, customised by adding 10% FBS, 1% Pen-Strep, 1% Glutamax, and 0.01% hEGF at 

37°C with 5% CO2. As adherent cells, hIPCs obtained >90% confluency after passaging for four 

days. After each passage, the cells were harvested and counted, from which 0.5x10^6 cells 

were seeded in a total of 4ml in a T25 flask for the next passage. Also, 0.2x10^6 and 0.1x10^6 

cells were pelleted for RNA and DNA isolation, respectively. The hIPC passaging continued till 

senescence in which the cells were not proliferating. The detailed cell culture protocol is 

available in Appendix A.  
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Figure 2.1 Workflow of Phase 1 

Four hIPC samples were passaged every four days in parallel till senescence. The cells were 
harvested at the end of each passage and pelleted for DNA and RNA isolation to be used for 
rTL and TERC level measurement, respectively, using qPCR. The schematic icons were 
downloaded from the BioRender website.  
 

2.2.1.2 Phase 2 

In Phase 2 of the study, as depicted in Figure 2.2, 12 hIPC samples were cultured in the 

customised CMRL medium, and passaged for four days while being exposed to glucose in 

three different conditions (four hIPC samples per condition):  

1) Chronic high-glucose condition (HG) containing 20mM D-glucose. Since CMRL itself 

has 5.5mM D-glucose, the concentration increased by 14.5mM to obtain the target 

20mM concentration. This was done by adding 58ul of 1M D-glucose to 4ml CMRL in 

the T25 flask. 

2) Chronic normal glucose condition (NG) containing 5.5mM D-glucose and 14.5mM L-

glucose. In this condition, the total glucose concentration is 20mM. L-glucose cannot 

be digested by the cells, and it is applied to give the same osmolality as D-glucose to 

CMRL to rule out the effect of osmolality in damaging the cell membranes. This media 

is made separately by adding 725ul of 1M L-glucose to 50ml CMRL media. 

3) Oscillating glucose condition (OSC), with changing the media every 24 hours (Days 1 

and 3 in NG, and days 2 and 4 in HG condition). 
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The normal glucose condition (NG) containing 5.5mM D-glucose which is approximately the 

normal glucose plasma level in healthy individuals5. The chronic high-glucose condition (HG) 

in the experiments contained 20mM D-glucose which is within the normal range (10-25mM) 

used in many other T2D in vitro studies256. D- and L-glucose (cat. No. G7021, and G5500, 

respectively) were purchased from Merck (Merck & Co, Whitehouse Station, NJ, USA).  

 

 

Figure 2.2 Workflow of Phase 2 

In total, 12 hIPC samples were subcultured every four days in parallel till senescence, four 
samples per each of three exposure groups: HG, NG, and oscillating NG/HG (OSC). In the OSC 
group, the cells were exposed to alternate high (20mM) and normal (5.5mM) concentrations 
of D-glucose periodically. The highlighted yellow section shows two cycles of OSC in one four-
day period. The cells were harvested at the end of each passage and pelleted for DNA and 
RNA isolation to be used for rTL and TERC level measurement, respectively, using qPCR. The 
schematic icons were downloaded from the BioRender website.  

 

2.2.2 Molecular analysis 

DNA was isolated from hIPC samples using QIAmp DNA Blood Mini Kit (Qiagen, Chadstone, 

Australia), with minor protocol revision (Appendix B), and quantified using NanoDrop™ Lite 
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Spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). The relative telomere 

length (rTL) was measured by real-time quantitative PCR (qPCR) method using Fast SYBR 

Green master-mix and ViiA 7 Real-Time PCR System (ThermoFisher Scientific, Waltham, MA, 

USA). This method was previously optimised in the team by Dr Mugdha Joglekar, and 

published recently257. The human β-globin (hBG) gene was utilised for normalisation as the 

single-copy gene (per haploid genome). The detailed step-by-step protocol is available in 

Appendix C.  

RNA isolations from hIPC biological replicates were performed manually using a protocol that 

has been well-established in our lab (Appendix D) using TRIzol reagent (ThermoFisher 

Scientific, Waltham, MA, USA). RNA concentration was measured with the NanoDrop 

machine, followed by cDNA synthesis using High-Capacity cDNA Reverse Transcription Kit 

(ThermoFisher Scientific, Waltham, MA, USA). TaqMan gene expression assay was used to 

measure TERC relative abundance, whilst 18s rRNA was used as the housekeeping gene using 

TaqMan Fast Universal PCR Master Mix and ViiA 7 Real-Time PCR System (ThermoFisher 

Scientific, Waltham, MA, USA). The details of these two steps are stated in Appendix E and F.  

The droplet digital polymerase chain reaction (ddPCR) method was used to measure the TERC 

level in the human plasma samples, using the TERC TaqMan assay (Hs03454202_s1). This 

technique utilised oil-based droplets of similar size to segregate the sample into single 

molecules per droplet which also contains the PCR reagents. The Bio-Rad 2x digital PCR 

Supermix for probes (cat. No. 1863024), Automated Droplet Generator, C1000 thermal cycler, 

and QX200 Droplet Reader (Bio-Rad, Hercules, USA) were used to perform the ddPCR. 

Appendix G explained the detailed protocol used for ddPCR.   
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Figure 2.3 Flowchart showing the steps for analysing the senescence marker data 

 

2.3 Results 

2.3.1 Phase 1 (no glucose exposure) 

2.3.1.1 Cell growth 

Four hIPC samples from cadaveric islet donors (Table 2.2) were sub-cultured till senescence. 

The cell samples reached a senescence state after sub-culturing for 55 to 83 days, as shown 

in Figure 2.4.   

Table 2.2 Demographic data of the four islet donors 

hIPC sample Age (Y) Sex BMI 
A 48 F 23.4 
B 45 M 23.6 
C 47 M 33.2 
E 35 M 33.2 
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because telomeres shorten gradually in every cell division61,63,73. The resulting ΔΔCt was the 

relative telomere length (rTL).  

Figure 2.5A demonstrates the rTL of four hIPC samples over time (days). There was a 

significant negative correlation between the rTL and time (days) (Pearson r: -0.75, P<0.0001), 

which was also reflected in the regression line (slope: -0.016, P<0.0001). The TERC relative 

abundance was also calculated per each timepoint per hIPC sample, as shown in Figure 2.5B. 

Significantly increased expression level of TERC was identified through time (Pearson r: 0.62, 

P = 0.0012), also reflected in the regression line (slope: 0.011, P = 0.0018). Additionally, 

comparing the slope of regression line of each individual sample showed no significant 

difference for rTL (0.23); but the slopes were significantly different regarding TERC relative 

abundance (P = 0.0004). 

 

Figure 2.5 The rTL and TERC level through time 

The four hIPC samples are shown in four colours. A) The association between rTL and 
subculturing days of hIPC samples shows a significant telomere shortening through time (66 
data points, slope: -0.016, Pearson r: -0.75, P<0.0001). B) The association between TERC 
relative abundance and subculturing days of hIPC samples shows a significant increase in TERC 
level through time (68 data points, slope: 0.011, Pearson r: 0.62, P = 0.0012).  
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Figure 2.9 TERC level through time, in three glucose-exposure conditions 

The association between TERC relative abundance and hIPC samples subculturing days 
revealed a significant increase of TERC level in NG (46 data points, slope: 0.0085, Pearson r: 
0.53, P = 0.0269), but not in HG (53 data points, slope: 0.0014, Pearson r: 0.037, P = 0.89), and 
OSC condition (52 data points, slope: -0.001, Pearson r: 0.16, P = 0.51). All the data points of 
four hIPC samples per condition are shown. NG: normal glucose, HG: high glucose, OSC: 
oscillating condition 
 

2.3.2.3 Senescence markers 

The trend of relative gene expression level of several senescence markers was assessed in 

hIPC samples exposed to the three glucose conditions (NG, HG, and OSC). The results of all 

the correlation and trend analyses are summarised in Table 2.3.  
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The changes in the gene transcript levels of senescence markers revealed different dynamics 

among the three glucose conditions (Figure 2.10). Interestingly, the temporal changes of 

several markers were different in the OSC condition compared to NG and HG. For instance, 

the expression level of cyclin A2, B1, E1, E2, CDK1, CDK2, CDK4, p16, p18, ATR, CDC25C, RB, 

RBL1, E2F1, LMNB1, PCNA, GSK3B, CEBPB, and SIRT1 was decreasing through time in OSC 

condition (which was significant for cyclin A2, B1, E1, CDK1, p16, p18, ATR, CDC25C, RBL1, 

LMNB1, PCNA, and SIRT1) but not in NG and HG (Table 2.3). In addition, the regression line 

showed a rising slope for cyclin D3 and CDK6, p27, and CHEK1 in both NG and HG conditions, 

however with a flat pattern in the OSC condition (Figure 2.10). In addition, the changes in 

gene expression levels of the senescence markers are shown as a heat map (Figure 2.11).   
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Figure 2.10 Trend lines showing the dynamic changes of senescence markers 

The gene expression level of senescence markers in three glucose conditions (NG, HG, and OSC, shown with blue, red, and purple, respectively). There were four 
hIPC samples per condition, with 12 successive passages till senescence. The average period of days per cell passage was 4.92, 5.06, and 5.51 days in NG, HG, and 
OSC condition, respectively. The data points on the graph are shown as mean±SEM. NG, HG, and OSC condition are shown by blue, red, and purple colour, 
respectively.  
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Figure 2.11 Heatmap showing the gene expression levels of the senescence markers 

NG, HG, and OSC condition are shown by N, H, and O, respectively. 
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senescence. However, this rate was similar between the three glucose exposure conditions. 

One possible reason for this finding could be related to our choice of cells.  It is believed that 

results may have been different for endothelial cells (for example), but since islet cells are 

used to seeing high concentrations of glucose throughout the lifetime, an 80-day exposure to 

different glucose concentrations did not seem to impact significantly across the experimental 

groups.  

Besides islet cells, several studies have shown shorter rLTL (of leukocytes) in individuals with 

T2D than in healthy controls258-263. For instance, analysis from the Hong Kong diabetes register 

has shown a significant inverse correlation between rLTL and T2D duration (P < 0.001)259. A 

more recent study on the same cohort revealed significantly shorter baseline rLTL in patients 

with T2D who developed insulin requirement compared to the other patients with T2D (4.43 

± 1.16 vs. 4.69 ± 1.20; P < 0.001), resulting in finding a significantly higher risk of glycaemic 

progression (HR: 1.10 [95% CI: 1.06-1.14], P<0.001) per each unit decrease of rLTL [to ∼0.2 

kilobases]258. Despite meta-analyses showing shorter rLTL in T2D patients75,76, one study on 

US National Health and Nutrition Examination Survey could not identify rLTL to be associated 

with T2D status264. Therefore, measuring the telomere length in leukocytes by itself may not 

be sufficient to predict T2D progression, and another telomere biology-related marker could 

improve this predictability61,73. In this regard, the TERC relative abundance was studied in our 

cell model and found a significant increase in the relative TERC expression level in hIPC 

passages till their senescence only in normal glucose exposure conditions. This trend was not 

observed in HG and OSC conditions, suggesting a potential effect of abnormal glucose level 

on TERC expression, and possibly telomerase function, that to our surprise was not reflected 

in the telomere length.  
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As explained, initially we decided to study telomere biology in three aspects of telomere 

length, telomerase activity, and TERC expression level. However, despite Professor Roger 

Reddel’s team efforts, measuring telomerase activity was not possible in hIPCs, and thus we 

were not able to correlate the telomerase activity with its lncRNA, TERC. In addition, the 

plasma TERC level was below the level of qPCR detection in most cases, nonetheless, it was 

measured using ddPCR. We found that TERC level was significantly lower in plasma samples 

of patients with T2D than in healthy individuals (P = 0.0012). This finding was in line with the 

in vitro experiments on hIPC samples in which TERC level was not increasing during the time 

in HG and OSC conditions, as representative models of T2D. To our best knowledge, our 

experiment - although obtained from a small sample size - was the first reported for 

measuring TERC as a biomarker, in these plasma samples. TERC is the fundamental part of the 

telomerase enzyme, and previous studies from the Diabetes and Islet Biology Group 

suggested that the plasma copies of TERC may relate to telomerase activity, which in turn 

may result in accelerated telomere shortening63,68,72.   

While comparing the hIPC samples from four different donors, some differences was 

identified between the samples. In Figure 2.5B, sample A and B (grey and blue dots, 

respectively) are related to donors with healthy BMI (Table 2.2). The data distribution for 

TERC relative abundance of these two samples showed a steeper increase, as opposed to the 

samples C and E from donors with obesity (Figure 2.5B). The possible reason may be related 

to an underlying relation between higher increase rate in TERC relative abundance in cells 

from healthy BMI donors, compared to cells from donors with obesity. The current sample 

size does not allow for a definite conclusion; however, this can be followed up in larger sample 

size as well as in other cell types such as vascular endothelial cells.  



Ehsan Alvandi, PhD thesis, page 100 
 

The telomeric repeat binding factor 1 and 2 (TERF1 and 2) are part of the Shelterin complex 

which protect the integrity of telomeric ends61,92. A significant negative correlation was found 

between TERF1 expression level and the passage number in hIPC samples exposed to 

oscillating glucose (P = 0.0301). This trend was not observed in NG or HG conditions, 

suggesting a potentially detrimental effect of the oscillating glucose on telomere biology. 

Curiously, the TERF2 level was slightly rising in NG and HG, however, a flat trend was observed 

in the OSC condition. This could be another piece of evidence for a different molecular change 

profile in the oscillating glucose condition.  

In addition, different trends of gene expression levels were found in several senescence-

associated markers in the oscillating condition, compared to the normal and high glucose 

exposure conditions. The decreasing trend of several cyclin molecules such as cyclin A2, B1, 

E1, and E2 was only observed in the oscillating condition with a significant negative 

correlation (Table 2.3). A similar trend and negative correlation were also observed for CDK1, 

2, and 4. These molecules are directly involved in cell proliferation242,247 and their decreasing 

level could be associated with the observed longer mean number of days per passage in the 

oscillating condition (5.51 days), compared to NG and HG (4.92, and 5.06 respectively).  

Among the molecules involved directly in the cellular senescence, the level of p21 was 

increasing in all three glucose exposure conditions, although with significant correlation only 

in HG and OSC (P = 0.0219, and 0.0287, respectively). p21 is a well-known CDKi and a classic 

senescence marker that is activated early in the cellular senescence process240,241,244. As 

expected, the rising trend of p21 gene expression was identified in our samples. However, the 

same trend was not reflected in other CDKi molecules, such as p16 and p15. These are 

involved in maintaining the senescence phenotype 240,241,244, and based on our experimental 
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design, the hIPCs were harvested after only eight days of senescence in which the increased 

level may not have occurred. Moreover, p21 is known to be activated downstream of several 

molecules involved in DNA damage response (DDR) including ATM, ATR, CHEK1, CHEK2, 

CDC25C, and p53 among others62,240,243,252. We did not observe a rising trend in any of these 

molecules. One possible reason could be the lack of activation of DDR in our samples.  

The same reason (early harvest of hIPCs after eight days of senescence) could be applied to 

the lack of an increasing trend in the level of SASP markers. Because these molecules are 

activated in the later stage of senescence to disseminate the senescent phenotype to the 

adjacent cells241,252,253,255. Nonetheless, a significant increase in GATA4 expression level was 

observed in all three conditions. GATA4 is a transcription factor involved in the gene 

expression of several SASP factors in the senescent cells240,241,246. GATA4 increased transcript 

abundance could be a potential sign of islet cells adopting the SASP during senescence. Also, 

the increasing trend in IL-8 level was observed only in the oscillating condition, however, this 

did not reach the significance level. IL-8 is the main chemokine (and SASP molecule) 

promoting inflammation in the surrounding cells during senescence241,253,255. Increased 

abundance of IL-8 transcript in the oscillating condition may be another evidence for the 

detrimental effect of fast changes in glucose levels for the islet cells. 

Cellular senescence is a dynamic process that involves several molecular pathways comprising 

tens of different molecules62,243-245,252. This phenomenon is different from one cell type to 

another and defining a set of universal senescence markers is a highly challenging243,245,252. 

There are several studies on human islet senescence indicating the declining insulin secretion 

in ageing and their decreasing proliferation rate in response to higher metabolic 

demands265,266. However, to the best of my knowledge, the data on understanding 
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senescence markers in human islet-derived progenitor cells is scarce. Telomere biology was 

also the focus to improve our understanding of replicative senescence in pancreatic islet cells 

during T2D progression.  

One of the limitations of our study was the sample size. Processing and obtaining viable islet 

cells from cadaveric donors is challenging since research-consented islet donor availability is 

rare (especially during a pandemic) and that islets constitute only 1-2% of the pancreas 

tissue267 (fewer numbers of islets received). Another limitation was related to the small 

number of available human serum samples for TERC measurement. Despite our small sample 

size, assessing the correlation between TERC level and rLTL could provide a better 

understanding of telomere status associated with T2D progression. Analysing the plasma 

TERC level in a larger sample size and identifying its correlation with the telomere length could 

provide a potential biomarker for T2D progression in future studies. The RNA samples of these 

subjects were part of a collaboration with Professor Ronald Ma and colleagues for the Hong 

Kong diabetes cohort, and currently the information regarding the details of these subjects is 

not available. More samples will be included in future studies to analyse rLTL, TERC relative 

abundance, and their associations with age, sex, and BMI among other factors. 

We have measured the relative telomere length, relative TERC abundance, and the relative 

gene expression levels of several known senescence markers in human islet-derived cells as 

the cell model of pancreas islets. Similar in vitro investigation on vascular endothelial cells can 

be conducted as future studies to identify the impact on telomere length in these cells since 

they are one of the largest tissues that is exposed to abnormally high levels of fluctuating 

blood glucose in patients with diabetes.  
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Chapter 3 - Role of Dietary Oscillation in Type 2 Diabetes Progression 

 

3.1 Background 

Type 2 diabetes is a progressive medical condition and pancreatic β-cell dysfunction and 

insulin resistance in the target organs occur through time5,6,39. Diet composition is one of the 

main environmental factors affecting several metabolic diseases including T2D5,6. Resistant 

starch and dietary fibres are considered healthy food since they become fermented by the 

gut microbiome to produce several beneficial metabolites including SCFA molecules102,103,105. 

In addition to the anti-inflammatory, anti-carcinogenesis, and anti-oxidative roles of SCFAs, 

these molecules can also bind to their specific receptors such as FFAR2 and FFAR3 on the 

luminal surface of enteroendocrine cells (EECs)104-106. Among the two SCFA receptors, 

butyrate mainly binds to FFAR3268,269. This binding triggers a signalling pathway that 

epigenetically affects the gene expression and secretion of gut hormones including GLP1, GIP, 

PYY, and CCK among others96,98,99. Apart from their role in appetite regulation, these 

hormones can stimulate the pancreatic islet β-cell to produce insulin98,99,101. Therefore, SCFAs 

could serve as signalling molecules to modify the hormonal release of EECs and subsequently 

influence the glucose metabolism of the host96,108. Furthermore, several studies have shown 

that faecal transplantation to germ-free mice could change their weight and insulin sensitivity 

levels270,271. This reflects the importance of gut microbiota-generated metabolites of the 

donor, including its SCFA content, to infer changes in the receiver phenotype272,273.  

Dietary oscillation is an approach adopted by many individuals, in which people tend to 

healthy food after being disappointed with their weight and shift back to an unhealthy diet 
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after their reach their ideal weight116,117. These alternative changes in the diets affect the 

composition of the gut microbiome and consequently the level of their produced metabolites 

such as SCFAs118,119. We hypothesised that the oscillating changes in the SCFA level could 

affect the epigenetic silencing of incretin genes in EECs, the subsequent incretin hormone 

secretion, and the host glucose metabolism intermittently. To test our hypothesis, two well-

established colon cell lines, T84 and HT-29, were utilised as the model for cells that are 

exposed to SCFA in the colon lumen122,123. 

We considered butyrate as the representative of SCFA molecules since the effect of SCFA on 

the host metabolism is mostly attributed to butyrate102-105. Also, previously unpublished 

results in our team have shown that four-day exposure of T84 cells to butyrate resulted in 

significantly increased expression of GLP1 in a dose-dependent manner, and similar changes 

were not observed by exposing the cells to acetate and propionate. In another unpublished 

experiment in our team, chronic exposure (168 days) to high butyrate (10mM) maintained 

higher levels of GLP1 gene expression. We aimed to continue that line of work employing T84 

and HT-29 cell lines since they are used extensively as a model for the colon epithelial 

cells122,123. Therefore, to test our hypothesis, we planned to culture these two cell lines and 

expose them alternatively with high and low amounts of butyrate over several cycles 

assessing the changes in the expression level of incretin hormone genes. 

Additionally, to validate our observations from cell lines, we aimed to replicate these 

experiments using a mouse model to be exposed to an intermittent healthy and unhealthy 

diet. Together the results of in vitro and in vivo experiments could provide us with a better 

understanding of the changes in the gene expression profile of incretin hormones in different 

exposure conditions. In addition, the possible induced insulin resistance during the dietary 



Ehsan Alvandi, PhD thesis, page 105 
 

oscillation in mice could help us understand the possible effect of yoyo dieting on T2D 

progression while comparing it to chronic exposure of the animals to an unhealthy and 

healthy diet as the two control groups. Overall, the diet-SCFA-incretin axis will be evaluated 

with respect to incretin hormones and their effect on insulin secretion together with changes 

in systemic insulin tolerance as the two underlying physiological disorders of T2D. 

Furthermore, in the animal study, we aimed to assess several behaviours, which may be 

affected or impaired in diet-induced obese (DIO) mice related to their olfactory abilities, and 

neuromuscular reflexes and function274. The aim was to evaluate the effects of the oscillation 

diet on the cognitive and neuromuscular functions while comparing the obtained data with 

the control group and the mice exposed to HFD only. To the best of our knowledge, it is well-

established that a high-fat diet can impact behaviour by reducing cognition, increasing 

anxiety, and impairing the sensorimotor gating124-126,275, however, the impact of healthy and 

unhealthy dietary oscillation on mouse neuromuscular functions has not been evaluated 

before. My focus was on the aspects of behaviours which can be impaired during T2D 

progression. For instance, the sense of smell is often reduced in individuals with T2D128. Also, 

muscular strength and inbuilt reflexes can be affected in these individuals since T2D can lead 

to peripheral neuropathy and nerve damage, leading to muscle weakness129,130. Studying the 

changes in behaviours related to the diet could add another layer to understanding the impact 

of diet on neuromuscular functions along with metabolism. 

 

3.2 Methods 

The study utilised both cell and animal models as described below. 
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3.2.1 Cell model 

Two human colorectal adenocarcinoma cell lines, HT-29 and T84, were used for the in vitro 

experiments. The cells were exposed to sodium butyrate in three conditions: chronic low 

[0.1mM] for 30 days, chronic high [10mM] for 30 days, and oscillating conditions. The 

oscillation condition was performed in four cycles. Each cycle included these steps: 1) seeding 

the cells in normal medium, 2) changing the media and exposing the cells to high (10mM) 

sodium butyrate for four days, 3) trypsinisation and sample collection, 4) seeding the cells in 

normal medium, 5) changing the media and exposing the cells to low (0.1mM) sodium 

butyrate for four days, 6) trypsinisation and sample collection. After trypsinization, 75% of 

cells were seeded for the next step and 25% were pelleted for RNA isolation, as depicted in 

Figure 3.1. Three experimental replicates of each cell line were utilized in each condition (in 

total, six replicates per condition). 

 

 

Figure 3.1 in vitro experimental design for oscillating condition 

Three experimental replicates of each HT-29 and T84 cell line were exposed to 4-day exposure 
to high and 4-day exposure to low sodium butyrate. Each exposure is preceded with one day 
culture in normal medium. There were four cycles, and each contained 10 days. C4: sodium 
butyrate. 
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In the chronic high and low conditions, the cells were harvested when they reached 90-100% 

confluency level. Due to the harsh condition of 10mM exposure and high level of cell death, 

HT-29 cells were harvested on day 7 and at the end of the experiment (day 30), but T-84 cells 

were harvested only on day 30.  

The DMEM/F-12 medium contained 10% FBS and 1% Pen-Strep was used as the base culture 

(ThermoFisher Scientific, Waltham, MA, USA). The same medium was used to prepare high 

and low sodium butyrate medium. The incubation condition for all conditions and cell lines 

was at 37°C with 5% CO2. 

3.2.1.1 Molecular analysis 

RNA isolation and cDNA synthesis was performed as described in Appendix D and E, 

respectively. TaqMan gene expression assays were utilised to measure the relative 

abundance of the target genes as explained previously in Section 2.2.2 and Appendix F.  

3.2.2 Animal model 

The animal study was performed in line with the cell study and similarly constituted the three 

exposure conditions in the form of mice diet. In total, 60 C57BL/6J mice were purchased at 

the age of six weeks old from Australian BioResources (ABR) (Moss Vale, NSW, Australia). The 

study was run in two cohorts to manage the workload and study plan more efficiently. Each 

cohort contained 30 mice, in which the mice were randomly assigned to three dietary groups, 

each with 10 mice (1:1 male-to-female ratio). Each cage contained either three or two mice 

of the same sex. 

The mice were held in the Western Sydney University, School of Medicine, Campbelltown 

campus, Building 30, Animal Facility throughout the study. This study was approved by 

Western Sydney University (WSU) Animal Care and Ethics Committee (ACEC number A14718).  
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3.2.2.1 Dietary intervention 

The mice were acclimatized for one week before the start of the dietary intervention 

program, and all 60 mice were fed with normal chow during that period. The dietary 

intervention plan spanned 22 weeks (Day 7-161) in three formats: 1) a healthy chow diet 

throughout the study (control group, CTR); 2) an “unhealthy” High Fat Diet (60%) throughout 

the study (HFD); and 3) an Oscillating (CTR and HFD diets) on a fortnightly basis (OSC). The 

fortnightly change in the mouse diet was selected because 100 years of human age is 

approximately equal to 3 years of age for mouse276. Therefore, two weeks of mouse age 

corresponds to about one year of human age – the period in which people normally stick to a 

healthy diet and then return to their previous unhealthy one116,119. The high-fat diet (SF02-

006) is a semi-pure dietary formulation based on AIN-93G277 (Specialty Feeds Pty Ltd., NSW 

Australia) with a matched CTR diet. The dietary intervention program is illustrated in Figure 

3.2.  

 

Figure 3.2 The dietary intervention program 
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Three groups, each containing 20 mice (10 males; 10 females), were provided with three diet 
plans over 22 weeks. The diet (Chow vs HFD) in the oscillating (OSC) group was swapped 
fortnightly. At the end of the study, the OSC group animals were on an High-fat chow diet.  

 

3.2.2.2 Measurements 

Several factors were measured throughout the 22-week dietary intervention. The body 

weight and dietary intake were measured weekly. For the dietary intake, the amount of food 

remainder was subtracted from the weight of the food given in the previous week. The 

shredded paper bedding allowed for easy measurement of remainder food from the bottom 

of the cage. The food and bedding were changed weekly throughout the study. Additionally, 

faecal samples were collected from each mouse every week using forceps. Each mouse was 

put in a separate cage in which they freely move and release faeces. The forceps were cleaned 

and sterilized with 80% v/v ethanol for each mouse. The faecal samples stored at -20°C for 

future experiments. Throughout the study, the mice were monitored at least twice per week 

and the monitoring results were recorded in the standard sheets provided by the animal 

facility. 

The fasting blood glucose (FBG) was measured at the baseline of the study before the dietary 

intervention started (Day 7). FBG measurements were performed fortnightly during the first 

10 weeks of dietary intervention (Day 21, 35, 49, 63). This was followed by weekly 

measurements on days 77, 84, 91, 98, 105, and 112, as well as two other measurements on 

days 140 and 161 (the endpoint). Fasting involved transferring mice to new cages with water 

bottles only and no food. After seven hours, the FBG was measured in the afternoon and then 

mice were fed with new food. Blood was taken from the tail tip using a lancet. The first drop 

of blood was discarded to avoid errors in measuring interstitial fluid and the second drop of 



Ehsan Alvandi, PhD thesis, page 110 
 

blood was taken to measure on a single-use glucose test strip using an ACCU-CHEK glucometer 

and test strips (Roche GmbH, Mannheim, Germany).  

At the end of the dietary intervention (Day 161), the glucose tolerance test (GTT) was 

performed using the same glucometer and test strips. Mice were fasted for seven hours 

during the day (8am to 3pm). The glucose was injected intraperitoneally (IP) based on the 

weight of each mouse (2.0gkg−1). In practice, 200g/L D-glucose solution was prepared by 

dissolving 3g of D-glucose in 10mL of saline (9g NaCl dissolved in 1 litre water). Thus, the 

amount of D-glucose solution (µl) was 10 times more than the mouse weight (g). GTT started 

with FBG (considered as min 0), followed by glucose IP injection, and measuring the blood 

glucose at 30-, 60-, 90- and 120-minutes after glucose injection.  

Animals were euthanized after GTT using the mobile isoflurane vaporizer unit at the animal 

facility according to SOP SSH296, approved by the WSU ACEC. After euthanasia, several 

tissues were collected from each mouse including blood, serum, eyes, brain, liver, gallbladder, 

pancreas, heart, kidney, adipose, ileum, cecum, and colon. The tissues were collected in 4% 

Paraformaldehyde solution for tissue fixation. For the ileum, cecum, and colon, first, the 

content was collected, followed by PBS wash twice. Next, the internal part was washed three 

times with TriZol (ThermoFisher Scientific, Waltham, MA, USA), first with a 1ml fresh TriZol, 

and then with the pass-through TriZol to completely release the epithelial cells into the TriZol. 

Both the content and the TriZol-containing epithelial cells were stored at -80°C. The blood 

samples were kept at room temperature for 30 minutes and then centrifuged at 3000rpm for 

15 minutes for isolating serum from the red blood cells. The serum and blood were also stored 

at -80°C. 
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3.2.2.3 Behavioural tests 

The changes in behaviours of the mice were assessed in all three diet groups before starting 

the intervention program (baseline), halfway through the intervention (during week 9), and 

towards the end of the study (during week 21). The OSC group was on HFD in weeks 9 and 21. 

The mice were not fasting in these three weeks to eliminate any effects of fasting on 

behavioural studies. The three behavioural tests were performed as explained below.  

1) Righting reflex: The mouse was turned on its back and the time it took for the mouse to 

right itself to a normal position is measured (postural reflex). This test was performed three 

times per day while considering the maximum threshold as 10 seconds. 

2) Wire hang: The mouse was placed on a wire mesh which then turned upside down 

approximately 50cm above the surface of soft bedding material. The mouse gripped the wire 

mesh and the latency to fall onto the bedding was recorded. This test was performed once 

per day while considering five minutes as the cut-off. 

3) Olfaction: The test checked the ability of the animal to distinguish the same and different 

odours. The experiment was performed in two steps (training and test), each for 3 minutes. 

In both steps, the mouse was put in a cage where two cotton-tipped applicators hung from 

the rail roof in the right and left corners. In the training set, both pieces of cotton were soaked 

in the same odour (for example vanilla extract, diluted 1:100). In the test set, the left cotton 

had the same odour as the training set, but the right one had a new and different odour (for 

example, almond extract, diluted 1:100). The number of sniffing the pieces of cotton (source 

of odours) in both training and test steps were measured. The nosing index (%) was calculated 

from the test set using this formula: (number of sniffing the right cotton / total number of 

sniffing the right and left pieces of cotton)*100.  
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3.3 Results 

3.3.1 Cell model 

The relative gene expression level of seven molecules involved in gut hormone expression 

was measured in three sodium butyrate (C4) conditions for approximately five weeks: five 

incretin hormones (GLP-1, GIP, CCK, PYY, and Ghrelin), the main butyrate receptor on EEC 

cells (FFAR3), and HDAC2 as the main downstream histone deacetylase enzyme. GCG is the 

name of the gene that provides instruction for GLP-1 and glucagon hormone, and we have 

selected the TaqMan assay which targets the mRNA sequence that translated to GLP-1 

hormone. 

Gene expression analyses on the cells harvested before the conditioning (on day 0) showed 

similar expression levels between HT-29 and T84 cells per gene. Also, the gene expression 

pattern of all the seven studied genes was similar at all the time points. Therefore, we run the 

analyses while combining the expression level of both cell lines to have a greater amount of 

data per gene per timepoint to increase the statistical power.  

We noticed the gradual cell loss during the 30 days of chronic exposure in both HT-29 and T84 

cell lines due to the harsh condition of exposing the cells to high C4. The dead cells were being 

washed in each refreshing of the high C4 medium, however, by the end of the 30-day 

exposure, the viable cell confluency dropped to 10%. Therefore, we omitted the results of 

gene expression analyses on day 30 of exposure to high C4 since the expression level for all 

the seven genes were close to zero, even well below the level at day 0. This could be mainly 

related to the viability of the cells used for RNA isolation. We also observed cell death in the 
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Figure 3.3 Average change in the expression amplitude in the oscillating condition 

Each point is the average of gene expression fold change relative to the previous step. The 
data on day 4 is relative to day 0. The x-axis shows the number of days of exposure (4-day 
interval of exposure to high or low C4). The gene expression level related to high and low C4 
levels is shown by the red and blue triangle, respectively.  

 

The gene expression pattern in the oscillating condition was further analysed by calculating 

the Z-score in each timepoint relative to day 0 (Figure 3.4). These analyses showed a similar 

pattern of gene expression in the five studied gut hormones (GCG, GIP, CCK, PYY, and GHRL 

genes), for which the initial rising on days 4, 12, and 20 did not occur on days 28. GCG 

expression on days 4, 12, 20, and 28 (related to high C4 exposure) was decreasing in each 

step. GIP expression level was on the rise on days 0, 12, and 20 with a sudden drop on day 28. 

The gene expression pattern of CCK, PYY and GHRL was almost identical (Figure 3.4). The 

transcript level of these three genes increased from day-4 to -12 and then decreased by days 

20 and 28.  The Z-score analysis revealed lowered amplitude of changes in the gene 

expression level of GCG, GIP, CCK, PYY, and GHRL after 3 oscillations. The amplitude change 

in GCG expression level was significant in the first cycle of exposure to high and low C4 (Figure 

3.4). This was significant for GIP in the third cycle, as well as CCK and PYY in the second cycle, 
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each graph, the P values represents the comparison of a high C4 condition with the next low 
C4. ns = not significant, *= P<0.05, **=P<0.01, ***=P<0.001, ****=P<0.0001 

 

Interestingly, FFAR3 and HDAC2 did not show the same pattern of increase and decrease in 

transcript level seen in the gut hormones (Figure 3.4). FFAR3 expression was lower than day 

0 even when exposed to high C4 (except for day 12). The HDAC2 transcript level was almost 

always higher than the day 0 whether in high or low C4 condition (except for day 28). In 

addition, the expression level of gut hormones genes in low cycles (day 8, 16, 24, and 32) was 

almost the same as day 0. However, FFAR3 transcript level decreased in low C4 exposure, and 

on the contrary, HDAC2 transcript level was increased when exposed to low C4 (Figure 3.4). 

This could be related to the functional role of these two molecules in the butyrate-gut 

hormone release axis. Whenever FFAR3 is more present, it activates downstream signalling 

pathways activating HDAC inhibitors to downregulate HDAC molecules such as HDAC298,120. 

In addition, the amplitude change in HDAC2 expression was not significant in different cycles 

of exposure to high and low C4, but FFAR3 level changed significantly in the second cycle 

(Figure 3.4). 

Furthermore, we compared the gene expression level at the last time points: day 30 for 

chronic low C4 (L), day 28 as the last time point of high C4 exposure in the oscillating condition 

(OSC-H), and day 32 as the last time point of low C4 exposure in the oscillating condition (OSC-

L) (Figure 3.5). We utilized either a parametric or non-parametric one-way ANOVA test based 

on the normality of the data. No significant difference in the expression level of any studied 

genes was identified between L and OSC-L. the gene expression level of all five hormones was 

higher in OSC-H compared to L or OSC-L, and this was significant in GCG (vs OSC-L), GIP (vs L), 

PYY (vs L and OSC-L) (Figure 3.5). No significant difference was identified in FFAR3 and HDAC2 
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Figure 3.15 Righting reflex results in each dietary intervention group 

Apart from significant differences observed in the HFD and OSC groups, the significant 
differences in the CTR group were related to high reaction time at the baseline and lower in 
week 9 in that group. The data are shown as mean and SD. 

 

The wire-hang test data revealed significant differences between male and female mice at all 

time points (P<0.0001). Therefore, the analyses were performed in male and female mice 

separately (Figure 3.15). In female mice, no significant differences were found between the 

diet groups at either time point. Curiously, the male mice in the HFD group at the baseline 

(before the dietary intervention started) were significantly less resistant to falls. Nevertheless, 

at week 21, the mean level of grip time was almost equal between OSC and HFD groups 

(Figure 3.15). Moreover, analysing the results in each dietary intervention group revealed that 

male mice on the OSC diet became significantly weaker in wire hang grip in weeks 9 and 21, 

compared to the baseline (Figure 3.16). No other significant difference was observed in either 

sex in other diet groups. 
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Figure 3.17 Wire hang test in each dietary intervention group 

The data are shown as mean and SD. 

 

The nosing index was not significantly different between male and female mice in either time 

point (P = 0.36, 0.068, and 0.91, for baseline, week 9, and 21, respectively). In week 21, the 

nosing index was lower in OSC compared to CTR and HFD, however, this difference was not 

significant (Figure 3.17). Further analyses per each diet group showed that the nosing index 

in mice exposed to OSC was significantly lower in week 21, compared to baseline, and week 

9 (Figure 3.18). These differences were not observed in either CTR or HFD group, indicative 

of the disadvantageous effect of the oscillating diet on the olfaction system in mice. 
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composition and their generated metabolites278-280. On the contrary, a healthy diet 

constitutes rich sources of fibres which are fermented by the gut microbiome to generate 

SCFAs281,282. These molecules have a beneficial effect on metabolic health including insulin 

sensitivity and pancreatic function283-285. The SCFA-sensing on gut EECs leads to incretin 

hormone secretion, such as GLP-1, GIP, CCK, PYY, and ghrelin285,286. These hormones regulate 

the appetite and insulin secretion from pancreas islets96,108. 

Not following a healthy lifestyle is the main cause of the obesity epidemic worldwide9,287. This 

has propelled the increasing rate of metabolic disorders, such as T2D, and cardiovascular 

diseases288-290. Weight cycling caused by the yoyo diet is a new lifestyle adopted by many 

individuals to tackle obesity117,119,291. Many who are not happy with their body weight and/or 

shape go on a repeating cycle of weight gain and loss by going on a diet, losing weight, quitting 

the diet, regaining weight, and adopting the diet again several times117,119,291. To understand 

the effect of the yoyo diet on metabolic health, we employed in vitro and in vivo models. 

Several studies have identified the effect of SCFAs on incretin hormone levels292-294, and 

sodium butyrate was utilised as the representative of a healthy diet in our cell study.  

We found an interesting pattern in the gene expression level, which was not fully proportional 

to the butyrate level. The oscillating pattern of the gene expression level of GCG (producing 

GLP-1 hormone), GIP, CCK, PYY, and GHRL (producing ghrelin hormone) revealed a sharp rise 

and decline in the first cycles, however, the amplitude decreased over time. This was also 

reflected when we analysed our data relative to the pre-conditioning state before the 

exposure started.  
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These results suggested that in yoyo dieting, people may not obtain the beneficial metabolic 

effects of SCFAs in later cycles despite consuming a great amount of fibre. Therefore, the yoyo 

diet may not eventually be considered a beneficial strategy for metabolic health118,119.  

Replicating the oscillating alterations of healthy and unhealthy diets (using chow and high-fat 

diets, respectively) helped us assess the blood glucose level longitudinally as a metabolic 

health index. We surprisingly identified insulin resistance halfway through the dietary 

intervention in the OSC group, earlier than HFD. This occurred despite the lack of interest of 

mice in the OSC group to eat a high fat diet. Additionally, GTT results were almost identical 

between OSC and HFD groups indicating the harmful effect of yoyo dieting on metabolic 

health despite consuming a healthy diet in between.  

These findings were also reflected in the animals’ behavioural tests showing the malfunction 

in the neuromuscular weakness in OSC similar to the HFD group, but not in the controls. 

Surprisingly, the nosing index, as the representative of olfactory system function, dropped 

significantly only in the OSC group. These are indicative of possible diabetic neuropathy in the 

OSC group, similar to previous reports in DIO mice125,295 and T2D mouse model296. Further 

analyses of the tissues collected from the mice after euthanasia could provide a better 

understanding of the impact of the yoyo diet on metabolic health and neuromuscular 

functions. 

The current thesis chapter was part of a larger study already being carried out in Prof. 

Hardikar’s group, to investigate the role of dietary oscillation in Type 2 Diabetes progression. 

To the best of my knowledge, attempts to assess the oscillating fashion of high and low 

butyrate levels on gut hormones levels, are not well-studied longitudinally. The same 

oscillating (cycling) approach was employed in our animal model of dietary intervention. 
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The in vitro experiments on two colonic cell lines (HT-29 and T84) and the mouse dietary 

intervention were replicated/conducted by me during this time. Also, several factors were 

measured during the mouse study including body weight, food intake, FBG, as well as 

behavioural tests. GTT was also measured at the endpoint. A large number of tissues were 

collected from mice at the end of the animal study to investigate the impact of dietary 

oscillation further, and to investigate their association with the in vitro findings. These form 

continuing studies within the Diabetes and Islet Biology Group and analyses on all of these 

are not part of my PhD.  Future experiments on the mice samples aim to measure multiple 

variables including: 

• The gene expression level of incretin hormones in the ileum, cecum, and colon 

epithelial cells 

• Insulin and glucagon gene expression levels in the pancreas and insulin receptors in 

the liver 

• Insulin level in the serum  

• Gut microbiome composition and their generated metabolites in the faecal samples 

collected throughout the study and on the ileum, cecum, and colon content collected 

at the endpoint 

• Gene expression and protein level of factors involved in neuromuscular function in 

several brain tissues, and identifying their potential correlation with the results of 

behavioural tests 

Apart from the mouse study, the in vitro model studied by Dr. Joglekar’s and Prof. Hardikar’s 

teams analyses epigenetic changes and chromosomal accessibility/ATAC-seq at different time 

points of exposure to butyrate. Single-cell RNA sequencing studies are planned to be 
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performed to analyse the effect of oscillating SCFAs on gene sets. All the results obtained from 

the cell and animal model could combine to broaden our understanding of the potential 

disadvantageous effects of dietary oscillation on metabolic health. 
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Chapter 4 - The Link between Short-chain Fatty Acids Concentrations 

and Colorectal Cancer 

 

This chapter is published as an article in BMC Medicine 2022 Oct 3;20(1):323 (PMID: 

36184594, PMCID: PMC9528142, DOI: 10.1186/s12916-022-02529-4), titled: Short-chain 

fatty acid concentrations in the incidence and risk-stratification of colorectal cancer: a 

systematic review and meta-analysis  

The format of the article is modified to conform to the thesis. 

 

4.1 Background 

According to the Global Cancer Incidence, Mortality and Prevalence (GLOBOCAN) 2020 

report, colorectal cancer (CRC) is the third-most commonly diagnosed cancer (10% of all 

diagnosed cancers) and the second (9.4%) leading cause of cancer-related death 7. It has been 

estimated that the overall risk of CRC in all age groups will increase 60% worldwide by 2030, 

leading to more than 1.1 million deaths and 2.2 million new cases 8. Colorectal cancer 

develops from precursor lesions collectively known as colorectal adenomas (CRA), in the form 

of adenomatous polyps or to a lesser extent (10-20%) serrated polyps 131,133. It is a 

heterogeneous disease and environmental factors have a potential impact on the 

development of CRC, among which diet is a risk factor 113,132,133. According to several meta-

analyses, high consumption of processed and unprocessed meat is related to high CRC risk 
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155,156, and high fibre intake is suggested as a protective factor against CRC progression and 

incidence 157-159. 

The effect of diet on colonic health is partly mediated through alteration of gut microbiota 

composition, diversity, and metabolism 107,113. Gut microbiota constitutes the largest 

community of commensal microorganisms in the body, which mainly resides in the lower 

small intestine and colon 107,112,113. The gut microbiota-derived metabolites are in constant 

crosstalk with colonocytes, and short-chain fatty acids (SCFAs) make up a large group of these 

metabolites 107,112,113. 

Short-chain fatty acids are small molecules generated via the fermentation of dietary fibres 

by gut microbiota. Acetic, propionic and butyric acid constitutes the majority of colonic SCFA 

content 103,105 and the beneficial anti-inflammatory and anti-carcinogenic effects of dietary 

fibres on colonocytes are mediated through these SCFA molecules 102,106. Among the three 

major SCFA molecules, butyric acid is also considered as one of the main energy sources for 

colonocytes 102,103,107. Therefore, alteration in SCFA levels could impact the colonic health and 

predisposition of colonocytes to aberrant proliferation and tumour formation 105,106. 

Several studies have assessed faecal SCFA concentration in patients with colorectal carcinoma 

or adenoma 162,163,165-179. However, due to variable results, the conclusive evaluation of SCFA 

profiles from CRC patients versus healthy subjects is lacking. In addition, other studies have 

compared SCFA concentration within healthy individuals from various countries and ethnic 

groups with the highest and lowest prevalence of CRC; although with inconsistent results 180-

185. 

Therefore, systematic analyses designed to better understand the link between SCFA 

concentration in CRC risk and incidence is highly desired. We divided our analyses on the 
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available evidence into two broad categories; (1) CRC-risk and (2) incidence. We aimed to 

systematically analyse the results of all primary observational human studies, which 

measured faecal SCFA levels in “at-risk” individuals or in CRC patients. In the CRC risk category, 

the focus was on at-risk individuals, which was further sub-divided into two groups based on 

(1a) studies that analysed clinical data (presence of colorectal adenomas) or (1b) those that 

assigned CRC risk based on non-clinical evaluation of study participants (ethnic background 

or location). The CRC incidence category included studies that compared faecal SCFA levels in 

individuals with clinically diagnosed CRC and healthy individuals. Our results underline the 

potential association of the three major SCFA molecules (acetic, propionic, and butyric acid) 

with CRC risk and incidence. 

 

4.2 Methods 

We used Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 

2020 guideline 297,298 to systematically search and extract data from primary human studies 

with SCFA measurement in CRC risk or incidence.  

4.2.1 Database Search 

The Medline, Embase, and Web of Science database search was performed for articles 

involving human subjects that are in English from database conception until 29st June 2022. 

The details of the search keywords and strategies utilized in Ovid and Web of Science are 

available in the Supplementary Methods section. 
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4.2.2 Eligibility Criteria 

All the records, including abstracts, were imported to EndNote X9 (Clarivate Analytics, 

Toronto, Canada). Duplicate records were first removed. The records were then filtered using 

EndNote’s built-in search tool for the following criteria: (i) searching for concentration*, 

level*, quanti*, measure*, assess*, evaluat*, estimat*, calculat*, mmol, and µmol as the 

inclusion criteria to capture studies which reported the SCFA measurement based on these 

terms. The asterisk symbol (*) applied was to include all the variations of the search terms, 

and (ii) searching for mouse, mice, murine, rats, conference, ethyl acetate (EtOAc), and 

phorbol as the exclusion criteria to exclude rodent studies, conference proceedings, and 

studies that have stated the use of any unrelated chemicals (such as EtOAc and 12-O-

Tetradecanoylphorbol-13-acetate). The abstracts of the remaining records were then 

screened to exclude reviews, methodology, human studies not related to SCFAs in CRC or 

CRA, non-human studies (i.e. in vitro or other non-rodent animal studies), to identify the 

human studies on SCFA measurement in CRC or CRA. The full text of the remaining (n = 57) 

records were then screened to include only the observational studies which have measured 

faecal SCFA concentration. A final set of 23 observational studies qualified for further data 

extraction and quality assessment for meta-analysis.  

4.2.3 Data Extraction and Quality Assessments 

The data and additional details available for analysis (such as study subjects and SCFA levels) 

from the finalized primary studies were extracted and added to an Excel worksheet. The 

Newcastle-Ottawa Scale (NOS) 299 was used as a standard tool for quality assessment of 17 

case-control studies in the selection, comparability and exposure categories, to provide a 

score range between 0-9 (≤ 6, 7-8, and 9 indicate high, medium, and low risk of bias, 
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respectively) 298. Evaluation of six cross-sectional studies was performed using the Joanna 

Briggs Institute (JBI) Critical Appraisal Checklist tool 300, as recommended 301.  

4.2.4 Statistical analyses 

Review Manager (RevMan) software version 5.4 (Cochrane, Copenhagen, Denmark) was used 

to analyse the quantitative faecal SCFA concentration data, which were available in 10 of the 

final 23 observational studies (9 of 17 case-control, plus 1 of 6 cross-sectional studies). The 

faecal concentration of acetic, propionic, or butyric acid was considered as the subgroups. 

Before data entry, SEM or 95% CI upper and lower bound values were converted to SD. Due 

to variation in the reported SCFA concentration units between different papers, standardized 

mean difference (SMD) was selected as a measure of effect size for each study. The statistical 

heterogeneity among studies was calculated using Chi2 and I2 tests and a P-value of 0.05 was 

considered significant 302. To normalise the use of different SCFA measurement methods, a 

random-effects model was applied to analyse the pooled effect size and P-value for each SCFA 

molecule in each subgroup. One overall effect size and P-value of combined acetic, propionic, 

and butyric acid were also calculated. In all analyses, the effect size was reported with 95% 

confidence intervals, and the P-value < 0.05 was considered significant. Furthermore, the 

fixed-effect model was also applied in the case of non-significant heterogeneity of I2 < 50 302. 

All the data conversions, as well as qualitative and quantitative analyses, were validated by 

the second team member and confirmed by the senior authors. 

One study 179 reported values that could not be converted to mean and SD for the meta-

analysis, and was therefore only included in our qualitative analysis. Another study 180 

reported the numeric values of butyric acid concentration and other SCFA molecules in 

graphs, hence was included in both quantitative (for butyric acid) and qualitative data (for 
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acetic acid, propionic acid and total SCFA). Therefore, in addition to studies in which the faecal 

SCFA concentration was presented using graphs (with no reported actual values), 14 of 23 

studies were considered as qualitative studies (8 of 17 case-control, plus all 6 cross-sectional 

studies – including Ocvirk et al. 2020). The outcome of analyses from these qualitative studies 

was plotted as stacked bar charts, using Microsoft Excel (ver. 2016; Microsoft Corporation, 

Redmond, WA, USA). 

 

4.3 Results 

4.3.1 Study Selection and Quality Assessment 

The workflow on the identification and stepwise selection of the observational studies is 

presented in Figure 4.1. Initially, a total of 2133 English language records obtained from 

searching through the three databases (Medline, Embase, and Web of Science) were 

imported to EndNote along with their abstracts. After removing duplicate records, the titles 

and abstracts of the remaining 1466 records were filtered and screened for eligibility as 

detailed in the Methods section. In total, 1409 records were excluded, of which most were in 

vitro studies. From the remaining 57 human studies, 34 studies were excluded. Of these 28 

were interventional studies, three were observational studies on serum SCFA 303-305, two 

studies had indistinct grouping (one case-control study with the presence of individuals with 

adenomatous polyps in the healthy control group 164 and one cross-sectional study with no 

clear definition of CRC high- and low-risk group 306), and one retracted observational study 

307. 
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Figure 4.1 The PRISMA flowchart shows the selection process of the systematic review.  

The abstracts of all the studies were imported into Endnote from the indicated databases. 
SCFA: short-chain fatty acid, CRC: colorectal cancer, CRA: colorectal adenoma. 
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Finally, 17 case-control and 6 cross-sectional studies were selected for data extraction and 

analysis. Table 4.1 summarises the characteristics of these observational studies. The results 

of quality assessment using NOS and JBI tools on case-control and cross-sectional studies are 

provided in Supplementary Tables 4.1 and 4.2, respectively. 

4.3.2 Stratifications Based on CRC Risk or Incidence  

Studies listed in Table 4.1 are presented based on the type of data provided (qualitative or 

quantitative) and CRC risk and/or incidence. Among the 17 case-control studies (not 

highlighted in Table 4.1), 8 studies comparing CRC cases and healthy control subjects were 

allocated to the CRC incidence category, 5 studies comparing individuals with CRA and healthy 

controls assigned to the CRC risk category, and the remaining 4 studies were included in both 

incidence and risk categories since they compared CRC patients, CRA individuals and healthy 

subjects. All 6 cross-sectional studies (highlighted grey in Table 4.1) comparing populations 

with high- versus low-risk of CRC were allocated to the risk category. Therefore, the CRC 

incidence and risk category included 12 and 15 studies, respectively (Table 4.1). For each 

study, the details of the measured SCFA and CRC risk and/or incidence grouping are provided 

in Supplementary Table 4.3. Some studies reported total SCFA concentration in addition to 

the individual (acetic, propionic, and butyric acid) SCFAs. 

The primary studies analysed in this systematic review were performed in various countries 

and ethnic groups. Age was matched in some of the studies 168,173,174,183-185, although the male-

to-female ratio was not similar between the study groups in most studies (Table 4.1). The 

SCFA concentrations were measured using different techniques, such as gas chromatography, 

liquid chromatography, gas-liquid chromatography and 1H nuclear magnetic resonance 

spectroscopy. 
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4.3.3 Data Analyses 

The meta-analysis of the quantitative data extracted from the 10 selected studies 166-

172,174,178,180 are presented in Figure 4.2. In the risk category (Figure 4.2A and B), two studies 

169,170 were excluded from the meta-analysis due to the lack of sufficient details of the 

methods used for SCFA measurement from stool samples. In CRC risk meta-analysis, the effect 

size of each of the three SCFAs was not statistically significant, however, their combined effect 

size was significantly higher in low-risk compared to high-risk CRC (SMD = 2.02, 95% CI 0.31 

to 3.74, P = 0.02, Figure 4.2A). The effect size of total SCFA concentration was not statistically 

significant in the low- vs high-risk group (Figure 4.2B).  

In the CRC incidence analysis (Figure 4.2C), the faecal concentrations of acetic acid (SMD = 

0.61, 95% CI 0.09 to 1.13, P = 0.02) and butyric acid (SMD = 0.45, 95% CI 0.02 to 0.88, P = 0.04) 

were significantly higher in the healthy control compared to CRC cases. In addition, the 

combined effect size of acetic, propionic, and butyric acid remained significant between CRC 

cases and healthy controls (SMD = 0.45, 95% CI 0.19 to 0.72, P = 0.0009, Figure 4.2C).  

Furthermore, the I2 heterogeneity index was in the “moderate” range (30% to 60%) 302 for the 

meta-analysis of total SCFA concentration in CRC risk (Figure 4.2B) and butyric acid in CRC 

incidence (Figure 4.2C) category. Therefore, we performed another meta-analysis using the 

fixed-effect model on the same data instead of the random-effect model presented in Table 

4.2. This resulted in a more pronounced difference in butyric acid concentration between CRC 

cases and healthy controls (SMD = 0.42, 95% CI 0.1 to 0.74, P = 0.009). The results of the fixed-

effect model meta-analyses are presented in Figures 4.3 and 4.4, respectively, and the 

findings of all quantitative meta-analyses are summarised in Table 4.2.  
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Qualitative analysis was carried out on the studies which reported lower, higher or no changes 

to the concentration of SCFAs between high-risk CRC (for risk category) or CRC case (for 

incidence) and low-risk or control, respectively 162,163,165,173,175-177,179-185 (Figure 4.5). In the risk 

category, more studies (70.4%) reported significantly lower concentrations of faecal acetic, 

propionic, and butyric acid as well as total SCFA in individuals at high risk of CRC. In the 

incidence category, more studies (66.7%) reported significantly lower concentrations of faecal 

acetic and butyric acid in CRC patients compared to healthy controls. However, the number 

of studies reporting no significant difference in the propionic acid was the highest in the 

incidence category. Overall, our qualitative analysis (Figure 4.5) corroborates with the meta-

analysis results (Figure 4.2). 
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Measured 

SCFA 
Number of 

Studies 
Heterogeneity 
(I2 %, P value) 

Statistical 
Model 

Effect size 
(SMD [95% CI], P value) 

CR
C 

in
ci

de
nc

e 

Acetic acid 4 60, 0.06 Random 
effect 0.61 [0.09 to 1.13], 0.02 

Propionic 
acid 4 62, 0.05 Random 

effect 0.32 [-0.21 to 0.84], 0.24 

Butyric acid 4 43, 0.15 Random 
effect 0.45 [0.02 to 0.88], 0.04 

Combined¶ 12 51, 0.02 Random 
effect 

0.45 [0.19 to 0.72], 
0.0009 

Butyric acid 4 43, 0.15 Fixed effect 0.42 [0.1 to 0.74], 0.009 
 

 

Figure 4.5 Graphical representation of faecal SCFA concentration.  

Stacked bar charts summarizing the results of the qualitative data in CRC risk (9, 8, 7, and 3 
studies have measured faecal concentration of acetic, propionic, and butyric acid, and total 
SCFA, respectively) and incidence categories (8, 7, 7, and 1 study have measured faecal 
concentration of acetic, propionic, and butyric acid, and total SCFA, respectively). HC: healthy 
controls. 
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4.4 Discussion 

For more than three decades, in vitro, animal, and human studies have identified numerous 

potentially beneficial anti-inflammatory and anti-carcinogenic roles of SCFA molecules in gut 

health and colonic diseases 102,103,105,106,113,114. In addition, several meta-analyses 

(Supplementary Table 4.4) have assessed the role of colonic microbiota 308, non-digestible 

carbohydrates 309 and dietary fibre in colorectal carcinoma 157,310 or adenoma 158,159 as well as 

the alteration of SCFAs in irritable bowel syndrome (IBS) 311, or inflammatory bowel disease 

(IBD) 312. 

This systematic review and meta-analysis were conducted on 23 studies to better determine 

the potential association between faecal SCFA concentration and CRC risk and incidence. The 

combined mean difference of acetic, propionic, and butyric acid in the CRC risk category 

analysis revealed a significantly lower concentration of these SCFAs in individuals at risk of 

developing CRC compared to healthy subjects, indicating a potential association between 

these three major SCFA molecules and CRC development. This finding was further confirmed 

in the CRC incidence category analysis where the faecal levels of SCFAs in CRC patients were 

significantly lower compared to those in healthy subjects.  

Our findings in CRC risk and incidence were consistent with the observations reported in other 

meta-analyses, which focused on the association between dietary fibre intake and the risk of 

colorectal adenoma 158,159, and carcinoma 157. These systematic reviews suggested a 

protective effect of dietary fibre intake against CRA and CRC 157-159. Since SCFAs are produced 

by gut-microbiota via the fermentation of dietary fibres 102,103,105,106, our meta-analysis of 

SCFA concentrations in CRC further confirms earlier observations and underlines the 

importance of dietary fibres/SCFAs in the risk and progression of CRC. 
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Another meta-analysis, which assessed the effect of non-digestible carbohydrate [resistance 

starch (RS)] or inulin supplementation on the risk of colorectal neoplasia, did not find 

significant increase in faecal total SCFA or butyric acid concentration and excretion before 

and after the intervention 309. Many studies which investigated the effect of RS on healthy 

subjects or individuals with sporadic CRC or adenoma had a period of ≤ 4-week of 

intervention. A few studies reported 7- and 8-week intervention on adenoma or healthy 

individuals and the remaining studies were conducted on individuals with inherited CRC 

syndromes after > 2-year intervention 309. The duration of intervention was longest (> 2 years) 

for studies involving hereditary CRC cases with reported germ-line mutations, which may have 

outweighed the effect of RS supplementation. While interventions involving sporadic cases 

or healthy subjects had much shorter periods of RS intervention (< 8 weeks) 309. In our meta-

analysis, we also did not observe a significant difference in total faecal SCFAs in the CRC risk 

category. This could be due to other SCFA molecules such as valeric, iso-butyric, and iso-

valeric acid being included in total SCFA measurements; the latter two are the branched SCFAs 

mainly produced via fermentation of branched amino acids in the colon and not from non-

digestible carbohydrates 104,313. 

Another systematic review on the food-microorganism-SCFA axis, without any meta-analysis, 

concluded that most evidence demonstrated higher SCFA levels in individuals at risk of CRC 

compared to healthy individuals 314, which contrasts with findings in our systematic review 

which showed lower faecal SCFA concentration in at-risk individuals (Figure 4.2). In 

comparison to our systematic review, their search strategy restricted their analysis to only 8 

of the final 23 studies that we analysed 163,169,176,177,182-185. Therefore, their conclusion was 

based on a smaller subset of the primary studies available and was also not supported by a 

meta-analysis. 
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Both the quantitative and qualitative analyses of CRC risk identified comparable findings of 

significantly lower concentration of acetic and butyric acid in the high- versus low-risk CRC 

group. For the CRC incidence category, the quantitative meta-analysis of butyric acid was 

consistent with observations identified in most of the articles from the qualitative analysis, 

supporting the evidence of lower concentration of three SCFAs in CRC cases compared to 

healthy controls. The meta-analysis of propionic acid was not significantly different between 

cases and controls. Similarly, most of the studies (5 of 7) reported no significant difference in 

faecal propionic acid concentration between CRC and healthy control in the qualitative 

analysis. The meta-analysis on IBS revealed a significantly higher concentration of faecal 

propionic acid in these patients in comparison to healthy controls 311. Therefore, further 

studies comparing SCFA profiles among multiple gut diseases could shed more light on the 

importance of these molecules in the development of varied medical conditions. 

To our knowledge, this systematic review is the first to provide a comprehensive search and 

data collection on observational studies linking SCFA molecules with the CRC risk and 

incidence. A limitation of our analysis is the heterogeneity of the studies evaluated in this 

systematic review, which is very difficult to control for. One such factor was the age group 

assessed for CRC incidence and risk. The mean age of the group in the studies was greater 

than 50 years and faecal SCFA concentration was not measured in younger populations to 

provide a comparison with low-risk, young age individuals. Although CRC is most often 

diagnosed in individuals > 50 years, the incidence for early-onset CRC (EOCRC) in adults aged 

20-49 years has increased over the past decade in the USA, Australia, and Europe 135,197,201,203. 

It would be of interest in the future to study different age group populations for CRC risk and 

incidence. Family history 315, diet and lifestyle 316 are known factors contributing to CRC 

incidence. Only a few studies assessed in this systematic review provided information on the 
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dietary difference between groups 169,171,180,181,185. There was also no information about the 

type of polyps (conventional vs serrated) in individuals with CRA.   

One common limitation is related to the nature of observational studies. Case-control studies 

are inherently prone to recall bias, and appropriate matching of case and control groups 317.  

Similarly, the results of the cross-sectional studies could be affected by bidirectional 

relationship 318 and confounding factors. We have assessed the effect of these inherent 

limitations on our analysis by undertaking appropriate quality checks such as the 

“comparability” category of NOS quality assessment (Supplementary Table 4.1) and the JBI 

tool (Supplementary Table 4.2) for all the studies included in our systematic review and meta-

analysis. 

Another limitation is the diversity in sample handling/storage workflows and the 

methodologies used to measure faecal SCFA across the studies (Table 1). We did not obtain 

enough studies to perform separate meta-analyses to understand the effect of each of these 

variables on the SCFA concentrations Whilst these factors could influence our interpretation, 

the levels of SCFAs were lower in high-risk as well as incident CRC cases, irrespective of the 

method used to measure SCFAs. Since these are well-known and established techniques for 

measuring SCFA concentrations, it appears that the standardised sample handling workflows 

and analytical methods had little impact on differences across study groups, so long as 

optimised procedures for SCFA assessment were followed. This systematic review did not 

include non-English records. To our knowledge, no longitudinal studies have reported faecal 

SCFA measurements at different time points during CRC progression, nonetheless, the 23 

studies assessed in this systematic review and meta-analysis provide a comparison between 

CRC risk/incidence and respective controls from various countries and ethnic groups. 



Ehsan Alvandi, PhD thesis, page 164 
 

In addition to the SCFAs assessed in this systematic review, other metabolites such as bile 

acids were also measured in six of the selected studies 167,170,177,180,181,184. Among the bile acids 

investigated, a significantly higher faecal concentration of deoxycholic acid in the CRC high- 

versus low-risk group was reported in three studies 180,181,184.  Dietary fibre and fat promote 

the production of SCFA and bile acid molecules in the gut, respectively, and the latter is 

associated with gastrointestinal carcinogenesis 319-321. Measurement of faecal SCFAs and 

other gut metabolites (such as bile acids) in longitudinal studies comparing individuals with 

colorectal adenoma/risk and healthy subjects could strengthen their association with CRC 

progression. 

This study supports further exploration into faecal concentration of SCFAs: acetic, propionic, 

and butyric acids, as biomarkers for CRC risk. Among the current CRC screening methods, 

colonoscopy is the gold standard 322 however, being invasive it presents some procedural risk 

192. The guaiac faecal occult blood test (gFOBT) and faecal immunochemical test (FIT) are 

other, in practice, non-invasive stool-based methods for CRC screening, which however 

require improvement, in particular for detection of CRA or early-stage colonic carcinogenesis 

192-194. Faecal SCFA could be considered as a potential non-invasive biomarker to be measured 

in combination with or as an alternative to the commonly used non-invasive and current CRC 

screening methods 192,323, to improve specificity and sensitivity of current screening, as well 

as for potential early detection of CRA. 

In conclusion, gut microbiota dysbiosis and changes in their metabolites have been the focus 

of epidemiological studies aimed at uncovering associations with colonic inflammation and 

carcinogenesis. In line with the protective role of faecal SCFAs against the development of gut 

diseases 105,106, and the protective effect of dietary fibres against CRC risk and/or incidence 
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157-159, we determined that the combined faecal concentration of the three major SCFA 

molecules was significantly lower not only in CRC patients compared to healthy controls, but 

also in high-risk CRC individuals. Gut SCFA concentrations are inversely associated with CRC 

risk as well as incidence, thus could be used as potential biomarkers for CRC-progression, as 

well as a drug target in future intervention studies aimed to retard or prevent CRC 

progression.  
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4.5 Supplementary Materials 

Supplementary Methods. The details of the search strategy conducted on May 21, 2021. 

1) Medline and Embase combined search, followed by deduplication, using Ovid search 

interface: 

Search link: 

https://ezproxy.uws.edu.au/login?url=http://ovidsp.ovid.com/ovidweb.cgi?T=JS&NEWS=N&

PAGE=main&SHAREDSEARCHID=6oHhfLqbyqUT2KwL2FpUgcWyfohUdPU40kumYqdCTlI8X2I

bo6ZjVT3zsbLZCbIw7 

Search history details: 

Embase <1974 to 2021 May 20>  

Ovid MEDLINE(R) ALL 

1 exp Fatty Acids, Volatile/ 113151 

2 short chain fatty acid*.mp. 24264 

3 short-chain fatty acid*.mp. 24264 

4 SCFA*.mp. 10870 

5 exp Acetates/ 166777 

6 acetate.mp. 427012 

7 exp Propionates/ 28315 

8 propionate.mp. 56255 

9 exp Butyrates/ 90653 

10 butyrate.mp. 35882 

11 exp Colorectal Neoplasms/ 240756 
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12 exp Colonic Neoplasms/ 418868 

13 "colorectal cancer".mp. 324884 

14 "colon cancer".mp. 157155 

15 "colorectal carcinoma".mp. 48725 

16 "colon carcinoma".mp. 39183 

17 "colorectal neoplasm".mp. 2133 

18 "colon neoplasm".mp. 294 

19 "colorectal neoplasia".mp. 6269 

20 "colon neoplasia".mp. 499 

21 "colo* cance*".mp. 450574 

22 "colo* carcinom*".mp. 93299 

23 "colo* neoplas*".mp. 185903 

24 crc.mp. 94637 

25 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 775397 

26 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22 or 23 or 24

 650155 

27 25 and 26 7563 

28 ((Fatty Acids, Volatile or short chain fatty acid* or short-chain fatty acid* or SCFA* or 

Acetates or acetate or Propionates or propionate or Butyrates or butyrate) and (Colorectal 

Neoplasms or Colonic Neoplasms or "colorectal cancer" or "colon cancer" or "colorectal 

carcinoma" or "colon carcinoma" or "colorectal neoplasm" or "colon neoplasm" or "colorectal 

neoplasia" or "colon neoplasia" or "colo* cance*" or "colo* carcinom*" or "colo* neoplas*" 

or crc)).ti,ab. 4013 

29 28 not (letter or news or comment or editorial or congresses or abstracts).pt.

 4006 

30 limit 29 to humans 3044 
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31 remove duplicates from 30 1876 

32 limit 31 to english language 1811 

Next, the search results were filtered by “Publication Type: Article”, resulted in 1217 records. 

The search was repeated on June 29, 2022, only for articles published in 2021 and 2022, 

resulting in 76 new records (1217+76=1293 records in total). 

 

2) Web of science: 

ab=(  ("scfa*"  OR  "short chain fatty acid*"  OR  "short-chain fatty acid*"  OR  acetate  OR  

propionate  OR  butyrate)  AND  ("colo* cance*"  OR  "colo* carcinom*"  OR  "colo* neoplas*"  

OR  crc)  AND  (human* OR patient* OR subject* OR individual* OR participant* OR case* OR 

control* OR character* person* OR people)  NOT  (rats OR mouse OR mice OR murine)  ) 

Next, the search results were refined by “Document Types: Articles”, and “Languages: 

English”, resulted in 783 records. 

The search was repeated on June 29, 2022, only for articles published in 2021 and 2022, 

resulting in 57 new records (783+57=840 records in total). 
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Supplementary Table 4.1 Quality assessment of the selected case-control studies (n = 17) using Newcastle-Ottawa Scale (NOS). According to NOS guideline, one 1 
star can be given to each sector in Selection or Exposure category, and two stars for Comparability category, one per one matched factor. ¶Refer to the text for 2 
the definition of CRC incidence or risk category. §Based on the definition of control in NOS guideline, the star was given only to studies that “explicitly stated that 3 
controls have no history of this outcome”. †As explained in the text, the SCFA values in this study could not be converted to mean and SD, and thus were included 4 
in the qualitative analysis. 5 
 6 

    Selection   Comparability  Exposure   

  

Study Analysis 
Category¶ 

Adequate 
definition 
of cases 

Representativeness 
of cases 

Selection 
of 

controls 

Definition 
of 

controls§ 

Control for 
important factor 

or additional 
factor 

Ascertainment 
of exposure 

Same method of 
ascertainment 
for cases and 

controls 

Non-
response 

rate 

Total 
scores 
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A 
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Sze et al. 2019 Incidence 
and risk ★ ★    ★ ★ ★ 5 

Lin et al. 2019 Incidence ★  ★  ★★ ★ ★ ★ 7 
Lin et al. 2016 Incidence ★ ★ ★   ★ ★ ★ 6 
Weir et al. 2013 Incidence ★     ★ ★ ★ 4 

Ohigashi et al. 2013 Incidence 
and risk ★ ★ ★   ★ ★ ★ 6 

Monleon et al. 2009 Incidence ★ ★ ★   ★ ★ ★ 6 
Weaver et al. 1988 Incidence ★ ★ ★ ★  ★ ★ ★ 7 

Q
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nt
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tiv
e 

da
ta

  
(r

ep
or

te
d 

SC
FA

 v
al

ue
s)

 

Nannini et al. 2021† Incidence 
and risk ★ ★ ★   ★ ★ ★ 6 

Chen et al. 2021 Risk  ★ ★   ★ ★ ★ 5 
Torii et al. 2019 Incidence ★     ★ ★ ★ 4 

Niccolai et al. 2019 Incidence 
and risk ★ ★ ★   ★ ★ ★ 6 

Yusuf et al. 2018 Incidence ★ ★ ★   ★ ★ ★ 6 
Song et al. 2018 Incidence ★ ★ ★ ★ ★ ★ ★ ★ 8 
Bridges et al. 2018 Risk ★ ★ ★ ★  ★ ★ ★ 7 
Chen et al. 2013 Risk ★ ★ ★   ★ ★ ★ 6 
Boutron-Ruault et al. 2005 Risk ★ ★ ★ ★ ★★ ★ ★ ★ 9 
Kashtan et al. 1992 Risk ★ ★ ★   ★ ★ ★ 6 

 7 
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Supplementary Table 4.4 The summary of other systematic reviews related to fibre intake, SCFA and risk of colorectal cancer or adenoma.  
 

Study PMID Title Aim Primary source Meta-analysis Outcome 
Rao et al. 
2021 

32202158 Non-Digestible 
Carbohydrate and the Risk 
of Colorectal Neoplasia: A 
Systematic Review 

To check whether RS and 
inulin should be offered to 
cancer/precancerous patients 
or healthy subjects to 
decrease their risk of CRC. 

Interventional 
studies on 
resistant starch 
(RS) or inulin 
supplementation 

Total SCFA 
and butyrate 
concentration 
and excretion 

Total SCFAs and butyrate 
concentrations and excretions in 
feces did not increase significantly 
after RS/inulin supplementation. 

Nucci et al. 
2021 

33920845 Association between 
Dietary Fibre Intake and 
Colorectal Adenoma: A 
Systematic Review and 
Meta-Analysis 

Assessing the association 
between dietary fibre intake 
and the risk of colorectal 
adenoma in adults. 

Interview and 
questionnaire-
based case-
control, cohort, 
and cross-
sectional studies 

Effect size is 
measured as 
odds ratio 

There could be a protective effect 
of dietary fibre intake against 
colorectal adenoma. 

Shuwen et 
al. 2019 

31401674 Protective effect of the 
"food-microorganism-
SCFAs" axis on colorectal 
cancer: from basic research 
to practical application 

To elucidate the “food-
microorganism-SCFAs” axis 
and to provide guidance for 
prevention and intervention in 
CRC. 

Not specific. 
Human, animal, 
and cell-based 
studies 

- The concentrations of SCFAs in 
CRC patients and individuals with a 
high risk of CRC were higher than 
those in healthy individuals. 

Oh et al. 
2019 

31495339 Different dietary fibre 
sources and risks of 
colorectal cancer and 
adenoma: a dose-response 
meta-analysis of 
prospective studies 

To summarise the 
relationships of different fibre 
sources with colorectal cancer 
and adenoma risks. 

Interview and 
questionnaire-
based prospective 
cohort studies 

Effect size is 
measured as 
relative risk 

The evidence for colorectal cancer 
prevention is strongest for fibre 
from cereals/grains. Each 10 g/d 
increase in dietary intake of 
vegetable or fruit fibre was 
statistically significantly associated 
with a reduced risk of incident 
colorectal adenoma. 

Gianfredi et 
al. 2018 

29516760 Is dietary fibre truly 
protective against colon 
cancer? A systematic 
review and meta-analysis 

To evaluate the association 
between dietary fibre intake 
and the risk of colon cancer. 

Interview and 
questionnaire-
based case-
control, cohort, 
and cross-
sectional studies  

Effect size is 
measured as 
odds ratio 

Results suggest a protective role of 
dietary fibre intake on colon 
cancer risk. 
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Chapter 5 - Identification of Factors Associated with Early-Onset 

Colorectal Cancer 

 

This chapter is a finalised manuscript to be submitted to MJA, titled: Increased risk of rectal 

cancer and aggressive disease in sporadic early-onset colorectal cancer: a single site study 

of 3609 consecutive cases in NSW from 1995 to 2020. The current version is confirmed by all 

authors.  

The format of the manuscript is modified to conform to the thesis. 

 

5.1 Background 

The incidence of CRC amongst developed nations is either decreasing or has remained static 

over the past 20 years 135,138,196,324. One of the main reasons for this trend is the roll out of 

CRC screening programs from the age of 50 years135,138,196-199. However, in contrast to the 

overall success in reducing CRC, the worldwide data point to a rising incidence of CRC 

diagnosed before the age of 50 years, conventionally termed early-onset CRC 

(EOCRC)135,138,196-199,324. Significantly, EOCRC more frequently involves the rectum or distal 

colon and usually presents at a more advanced stage, which may be attributable to delayed 

diagnosis and lack of screening for this cohort198,199.   

The increasing incidence of EOCRC is observed in the national and regional cancer registries 

collected between 1990 and 2016 from 20 European countries203. In the US, evaluation of the 
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population-based database [Surveillance, Epidemiology, and End Results (SEER)] between 

1980–2016 also revealed a rising trend of EOCRC and increased rate of rectal cancer in this 

group206. In addition, the rising incidence rate of EOCRC in this age group was identified in the 

US Cancer Statistics for the period 2001-2017202. Interestingly, investigating the EOCRC 

incidence between US and Europe indicated a significantly higher rate in the US compared to 

that in Europe207. The authors suggested a higher incidence of obesity in the US population 

was a potential contributing factor207. All these studies point to a concerning increase in 

EOCRC within the US and Europe, which was also found in other countries such as the UK324, 

Canada208, New Zealand325, and South Korea326.  

Colorectal cancer incidence in Australia is one of the highest among developed nations209 and 

although the rate has been declining from the mid-1990s for people aged >50 years, an 

increased rate of both colon and rectal cancer in individuals <50 years of age has been 

reported210. Interestingly, two population-based studies from New South Wales (2001-2008) 

and Victoria (2000-2010) reported stable incidence rates of EOCRC211,212. Further, several 

other single-centre cohort studies have been conducted, which found no increase in the 

proportion of EOCRC (UK213 and Japanese214 cohorts). However, an increased incidence of 

EOCRC incidence was observed in a single centre study in Brazil327. 

The variance in the Australian state-wide population-based studies and the perceived gap in 

understanding the impact of EOCRC in the local context prompted us to perform a cohort 

analysis on a large consecutive series of CRC patients from a speciality colorectal surgical unit 

in Sydney. The focus of this study was to investigate the trend in incidence of sporadic EOCRC 

and to examine EOCRC related risk factors, clinicopathologic features and survival of patients 
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over a 26-year period. For clarity we have use the term sEOCRC to define sporadic EOCRC, 

which does not include EOCRC resulting from familiar syndromes.   

 

5.2 Methods 

5.2.1 Patient Cohort and Data Source 

A consecutive series of 3609 patients who underwent surgical resection for colorectal cancer 

from January 1995 to December 2020 at the Concord Hospital Colorectal Surgical Unit 

(Sydney, Australia) were included in this study. Clinicopathological and follow up data for all 

patients were extracted from a dedicated surgical resection registry established in 1971 and 

approved by the Sydney Local Health District Ethics Committee (CH62/62011-136-P Chapuis 

HREC/11/CRGH206)328. Patients gave written informed consent for use of their clinical and 

tumour data for research. The standard follow-up procedure included six-monthly 

examinations for the first two years after resection and then on a yearly basis for five to six 

years329. 

On detailed review of the cohort, 150 patients were identified as undergone a subsequent 

surgery and all secondary records were excluded for these patients. No familial adenomatous 

polyposis (FAP) cases were identified in the cohort and three confirmed Lynch Syndrome 

cases were excluded to ensure only sporadic patients were examined. Age at diagnosis was 

inferred from the recorded age at date of resection, based on the short interval between 

diagnosis and surgery330,331. The age cut-off for sEOCRC was set at <50 years and for late-onset 

CRC (LOCRC) at ≥50 years in line with the globally accepted threshold138,204. The colon cancer 

sidedness was defined as proximal/right (cecum, ascending colon, hepatic flexure, and 
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transverse colon) and distal/left (splenic flexure, descending colon, and sigmoid colon) colon 

and the peritoneal reflection was considered as the borderline for the location of rectal 

tumours (above and below the peritoneal reflection was defined as upper and lower rectal 

tumour, respectively). All staging data were harmonised with the universally accepted 

American Joint Committee on Cancer (AJCC) staging system 8th edition153. 

5.2.2 Statistical analysis 

All data were assessed for normality of distribution using Kolmogorov-Smirnov test with 

Lilliefors significance correction. For all continuous variables the Mann Whitney U test or chi-

square (χ2) test was utilised to compare categorical variables. Pearson correlation coefficient 

was used to assess temporal changes in trend over time. Where possible, median and 

interquartile range (IQR) are presented (defined as the 25th to 75th percentile) and odds ratios 

(OR) together with their 95% confidence intervals (CIs) were included. The time frame in years 

between the date of diagnosis and the date of death from any cause or CRC was measured to 

calculate overall survival (OS) and cancer-specific survival (CSS), respectively. The Kaplan-

Meier (KM) method was used to assess survival trends. Competing risk analysis was assessed, 

which included the KM-based risk estimate and the proportion of all events that were a 

competing event to predict CSS event risk. This equates to any event risk that was not biased 

by the presence of competing events. A cut-off of 10% relative increase was not obtained as 

noted to be relevant by van Walraven and colleagues332 for competing risk analysis to be 

performed. All tests were two tailed and statistical significance was defined at P<0.05. 

Analyses were performed using both SPSS version 28 (IBM Inc., Chicago, Illinois, USA) and 

GraphPad version 9 (GraphPad Software, San Diego, CA, USA) software. 
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LOCRC [30/263 (11.4%) vs 336/3346 (10%), P=0.48], but a significant difference was 

revealed when assessing these subtypes in the rectum and sigmoid colon only [sEOCRC: 

23/194 (11.9%) vs LOCRC: 127/1985 (6.4%), P=0.004]. Further, when analysing signet-ring 

cell histology, 1.9% of sEOCRC tumours exhibited this histology which was statistically no 

different for LOCRC [5/263 (1.9%) vs 26/3346 (0.8%), P=0.057]. However, when considering 

rectum and sigmoid colon tumours alone signet-ring cell histology was found to be 

significantly enriched [sEOCRC: 5/194 (2.6%) vs LOCRC: 7/1985 (0.35%), P<0.001].  

5.3.4 Tumour stage and pattern of metastasis of sEOCRC 

The number of CRC patients with metastasis (based on the AJCC staging system) is shown in 

Table 5.1. Patients with LOCRC had more early-stage cancer (stage 0, I, or II), whilst the 

number of patients with advanced stage cancer (stage III or IV) was significantly more 

associated with EOCRC patients (P=0.005, or P=0.025, respectively) (Table 5.3). The 

percentage of lymph node metastasis was significantly more associated with sEOCRC 

compared to LOCRC (P<0.001), which was also reflected in the involved-to-examined node 

ratio and lymphatic vessel permeation in sEOCRC vs LOCRC (P=0.004). Additionally, distant 

metastases to the liver and lung were significantly greater in sEOCRC than LOCRC (P=0.021, 

and 0.023, respectively). Overall, the percentage of patients presenting with metastatic 

disease at the time of diagnosis was significantly higher for sEOCRC than LOCRC (P<0.001) 

(Table 5.3). High grade tumours were more prevalent in sEOCRC compared to LOCRC (27.4% 

vs 19.2%, P=0.004), as well as the percentage of poorly differentiated tumours (22.8% vs 

16.8%, P=0.026).  

Table 5.3 Comparing EOCRC and LOCRC with respect to metastasis and primary tumour 
location 
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patients. Additionally, the risk of developing metastases from the colon was almost 1.5-fold 

for sEOCRC than for LOCRC (OR=1.47; 95% CI: 1.05-2.08; P=0.01) and this risk increased to 

almost two-fold for metastases from the rectum (OR=1.95; 95% CI: 1.33-2.84; P=0.013).  

Subgroup analyses of the study population revealed the percentage of lymph node metastasis 

was significantly higher for rectal cancer, compared to colon cancer for both sEOCRC and 

LOCRC patients (P=0.006 and 0.019, respectively). Interestingly, there was a significantly 

higher percentage of distant metastasis in the distal compared to the proximal colon 

(P=0.003), and from tumours of the upper rectum rather than the lower rectum (P=0.005) in 

patients with LOCRC. However, for sEOCRC the same comparison was not statistically 

significant. The details of these comparisons are shown in Supplementary Table 5.3 and 5.4.  

5.3.5 Surgical outcomes of sEOCRC 

No difference was observed in the surgical techniques used for sEOCRC or LOCRC (P=0.826). 

However, stoma construction was performed more often during surgery for EOCRC patients 

(P<0.001). Also, patients with sEOCRC were administered more neoadjuvant radiotherapy 

(P<0.001) and adjuvant chemotherapy (P=0.02) compared with LOCRC patients. Thirty (30)-

day post-operative complications were similar for sEOCRC patients when compared with their 

older counterparts, except for some age-related complications. Supplementary Table 5.5 

provides a summary of these comparisons.  

5.3.6 Survival outcomes of sEOCRC 

Despite the generally more advanced stage of sEOCRC tumours, the five-year overall survival 

(OS) and cancer-specific survival was greater for sEOCRC patients than their older 

counterparts (OS: 71% vs 61%, CSS: 72% vs 62%). The five-year survival data is detailed in 

Supplementary Table 5.6. The Kaplan–Meier survival curves comparing sEOCRC and LOCRC 
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are shown in Figure 5.1. Estimated mean overall survival time (EMOST) in years was 

significantly greater for EOCRC (16.6 ± 0.78 [95% CI, 15-18.1]) than for LOCRC (10.65±0.18 

[95% CI, 10.3-11]) (P<0.001). Likewise, the estimated mean cancer-specific survival time 

(EMCSST) in years was also significantly greater for sEOCRC [18.1±0.75 (95% CI, 16.6-19.5)] 

than for LOCRC [13.9±0.33 (95% CI, 13.2-14.5)] (P<0.001). Table 5.4 provides the details of all 

estimated mean survival times analysed in this study. We found no difference in survival 

between men and women with either sEOCRC or LOCRC. Regarding the primary tumour 

location, no significant difference in survival was observed between colon and rectal cancer 

for sEOCRC patients (Table 5.4).  
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Figure 5.1 Kaplan–Meier curves comparing the survival of EOCRC and LOCRC group 
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Kaplan-Meier curves with respect to tumour spread is shown in Figure 5.2. Sporadic EOCRC 

patients with localised tumour, lymph node, or distant metastasis survived longer than their 

older counterparts [(P<0.001); Table 5.4]. However, in the case of distant metastasis, the 

difference in cancer-specific survival, despite being statistically significant (P<0.001), was only 

1.1 years [sEOCRC (3.79±0.84; 95% CI, 2.16-5.43) vs LOCRC (2.66±0.23; 95% CI, 2.22-3.1)] 

(Table 5.4). This indicates similar survival irrespective of age at diagnosis, and gender (Figure 

5.2A and 5.2B). Regarding primary tumour location, significantly greater survival was 

observed for patients with localised colon cancer than those with rectal cancer (Figure 5.2C); 

but the mean survival difference for patients with either colon or rectal cancer was less than 

a year (Supplementary Table 5.7).  

We also looked at the estimated mean survival time between sEOCRC vs LOCRC with respect 

to primary tumour location and metastasis (summarised in Supplementary Table 5.8). The 

largest difference in estimated mean survival was found between localised tumour and 

distant metastasis for sEOCRC patients with colonic cancer only (21.7 years, P<0.001).  
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Figure 5.2 Kaplan–Meier curves comparing the cancer-specific survival with respect to CRC spread in three categories: A) CRC onset, B) sex, and 
C) primary tumour location
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5.4 Discussion 

The Concord Colorectal Surgical Registry was analysed in this study to investigate if the 

reported rising incidence of EOCRC was reflected in our large patient cohort between 1995-

2020 and if any clinicopathologic/surgical and outcome features were associated with sEOCRC 

compared to their older counterparts.  

Over the last decade a number of international population-based studies have reported on 

the rising incidence of EOCRC in high-income countries202,203,206,208,210,324,325,333, yet in 

Australia, two large state-wide population-based studies have reported a stable 

incidence211,212. This lack of concordance may be due to the shorter time period assessed in 

the Australian studies (NSW: 2001-2008, VIC: 2000-2010)211,212. Two other studies performed 

in Western Australia (1982-2007)237, and South Australia (1990-2010)139 used a threshold of 

40 years of age for early-onset of disease; with the former reporting a significantly increased 

age-standardized incidence, whilst the latter found a non-significant increasing trend139,237. 

We did not observe a rising trend of sEOCRC in our cohort over the 26-year (1995-2020) 

period reviewed. However, compared with a falling overall percentage of rectal cancer 

reported in a previous analysis performed on this cohort328, we found a significantly higher 

percentage of rectal cancer associated with sEOCRC patients, consistent with other 

studies206,211-214,325,333-335. In addition, left-sided colon cancer was significantly associated with 

sEOCRC compared with LOCRC (P < 0.001) which was similarly consistent with other 

studies137,211,212,327.  

Our data confirm the recent findings and known links concerning IBD and family history as 

EOCRC risk factors219,336 . Males were more associated with sEOCRC (Male; 53.2% vs Female; 

46%) which was similar to that determined in other studies211,214,337. However, this was no 
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greater a risk factor than for CRC in general217. We found 11.4% mucinous and signet-ring cell 

tumour histology in sEOCRC which was similar to the 16.6% reported by Willauer et al.338 and 

was no difference for LOCRC. However, we could not confirm the 13% percentage signet-ring 

cell histology reported in the study of Chang et al. (nor the 87.3% value in their Table 1 which 

appears erroneous)339. Instead, for sEOCRC we determined 1.9% signet-ring cell histology 

which is consistent with the 2% reported by Willauer et al.338. Significantly, we reveal an 

important difference between sEOCRC and LOCRC when considering only rectal and sigmoid 

colon location, which shows an enrichment of signet-ring cell histology (2.6% vs 0.35%). This 

is a potentially important observation as signet ring cell histology is highly linked to lymph 

node metastasis340.  

By subgrouping the cohort population into sEOCRC and LOCRC, we found a significantly higher 

proportion of patients in the sEOCRC group presented with metastasis at the time of diagnosis 

(42.8%), including metastasis to lymph nodes, liver, and lung. The higher incidence of 

metastatic tumours in this age group was also observed in other studies211,224,327,333,337, 

including the NSW state-wide study211. We also found when analysed separately, a 

significantly higher percentage of metastasis in both rectal and colon cancers in sEOCRC 

patients. The odds ratio of having an advanced rectal or colon EOCRC cancer was 1.95- and 

1.47-fold higher than LOCRC, respectively. Additionally, the presence of lymph node 

metastasis was associated with tumours of the rectum and distal colon in sEOCRC, indicative 

of an increased risk of metastasis potentially due to delayed diagnosis and/or tumour biology 

(histological subtype) associated with sEOCRC.  

In our study, the higher incidence of lymph node and distant metastasis associated with 

sEOCRC and importantly the low median age at diagnosis of sEOCRC patients (44.7 years) 
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supports the need for greater awareness of the potential of CRC in young adults as well as the 

call for lowering the CRC screening age to 45 years in asymptomatic individuals.  

The CRC screening program in Australia currently recommends screening from 50 years of 

age341. However, it has been recently lowered to 45 years in the US and this was based on an 

evaluation of the benefits and risks of lowering the age, which concluded an overall moderate 

net benefit322. Evaluation studies have been recommended in Australia and other countries 

to determine the cost and benefits of such updates to current screening programs.  

We found better survival for sEOCRC patients in our cohort, which is consistent with other 

Australian and international studies211,213,229,334. In addition to the previous report of 

improved 5-year survival for all CRC patients in the Concord cohort329, we found that in the 

case of patients presenting with distant metastasis, the estimated survival time of sEOCRC 

patients was only 1.1 years more than LOCRC patients indicative of the effect of distant 

metastasis on survival irrespective of age. Thus, when considering the significantly higher 

incidence of metastasis in sEOCRC patients, lowering the age of CRC screening to 45 years 

could potentially catch a proportion of patients prior to developing metastatic disease and 

improve survival. Further, based on a recent report on projected mortality rates for CRC to 

2040 in Australia, there would be an increase in the mortality rate of both rectal and colon 

cancer in patients <50 years of age despite decreasing rates for their older counterparts342. 

This adds to the importance of adopting new policies for commencing CRC screening at a 

younger age and for also increasing CRC awareness in young adults and health professionals.  

Our study has limitations to be considered when interpreting the results. First, this is a single-

centre study at a speciality CRC surgical referral service in one region of Sydney. Secondly, 

there is potential patient selection bias with respect to age, socioeconomic status, and ethnic 
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background. Finally, since CRC patients attend the Concord Hospital colorectal surgical 

department for successful restorative surgery, there is a bias towards earlier tumour stage in 

the registry database. Although the prevalence of Lynch syndrome is only 1-3% of all CRC 

patients343, their exclusion is important to focus on sEOCRC cases. This may be another 

limitation as this information was only collected from 2018 onwards. However, from the data 

it is clear there were very few potential Lynch syndrome patients in this registry. In addition, 

the registry only included pathological data for the upper and lower rectum from 2008, 

limiting the data available for this category.  

Despite these limitations, accessing the data of 3609 patients over 26 years (1995-2020) 

provided us with significantly greater patient data set than other single-centre 

studies137,213,214,334,337. It is important to note that our cohort size allowed us to perform 

several detailed analyses on histological subtype, lymph node or distant metastasis with 

respect to tumour location in patients with sEOCRC and add further insights and 

understanding of this patient group. 

We confirm the significantly higher percentage of lymph node and distant metastasis as well 

as poorly differentiated tumours irrespective of tumour location, and the significantly higher 

incidence of rectal cancer and distal (left-sided) colon cancer in EOCRC patients. Importantly, 

we identified a linkage between signet-ring cell histology, lymph node metastasis and survival 

in rectal and sigmoid colon sEOCRC. We also identified an almost two-fold increased risk of 

developing metastasis from rectal tumour in patients with sEOCRC than their older 

counterparts. Despite better survival, the estimated mean survival time of sEOCRC patients 

presenting with distant metastasis was only approximately one year greater than their LOCRC 

counterparts. Our results provide additional supportive evidence for reducing the current 
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commencing age of the National Bowel Cancer Screening Program to 45 or even 40 years of 

age to better identify younger individuals at risk of advanced sEOCRC. 
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Chapter 6 - General Discussion and Future Directions 

Type 2 diabetes and colorectal cancer are among the top health burden for patients and 

health systems worldwide6,133. Understanding the aetiology and identifying risk factors and 

biomarkers involved in their progression could help prevent or at least delay their onset. 

Chapters 2 and 3 of my thesis have investigated some of the molecular aspects of T2D 

progression. Chapter 4 introduced a potential biomarker for CRC progression, and Chapter 5 

focused on features in early-onset CRC.  

By investigating the telomere biology in the human islet-derived progenitor cell (hIPC) model, 

a significant decline in the telomere length during successive cell passages was observed. In 

addition, a significant increase in TERC level (lncRNA component of telomerase enzyme - the 

telomeric repeat template) was identified suggesting a compensatory mechanism against 

telomere shortening. Next, exposing the cells to three different glucose conditions (normal 

level, chronic high, and oscillating high and normal) did not result in different telomere 

shortening rates among them, however, the significant rise in TERC levels under normal 

glucose, but not in high and oscillating conditions, suggest an impaired mechanism in the 

latter two conditions. This was also corroborated by the significantly decreasing level of 

TERF1, as one of the main telomeres protecting factors, in the oscillating condition. 

Furthermore, significantly lower plasma level of TERC in patients with T2D compared to 

healthy individuals was observed. This finding needs to be further investigated with a larger 

sample size accompanied by rLTL (relative leukocyte telomere length) measurement 

investigating the possibility of introducing these two telomere-related factors as potential 

biomarkers of T2D progression. 
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While there is evidence suggesting an association between telomere length and T2D 

progression71,75, several factors need to be considered when evaluating its role as a 

biomarker. Telomere length has the potential to reflect cellular aging and cumulative 

oxidative stress62,68. Meta-analyses have found associations between shorter telomeres and 

an increased risk of developing T2D71,75. However, telomere length can be influenced by 

various factors including genetics, lifestyle, and environmental exposures68,73, and thus it 

might not be specific enough to serve as a standalone marker for T2D progression. 

Additionally, the association between telomere length and T2D is still a subject of ongoing 

research, and causality has not been definitively established.  

Another limitation for considering LTL as a definitive biomarker at the current assessment 

stage is the lack of a standardised methods to measure it in readily available plasma 

samples68. Currently, real-time PCR is a well-accepted technique due to its capacity to run 

hundreds of samples in parallel in a high-throughput format as well as easier interpretation 

of the results; compared to traditional time-consuming and low-throughput gel-based 

methods68. Nonetheless, the primer pair used for telomere amplification and the single-copy 

gene selected for normalisation of the data is not consistent among all the researchers68. 

Therefore, measuring telomere length in readily available plasma samples (rLTL) is still an 

emerging technique. As such, there remains significant scope for further exploration and 

deeper investigation to fully elucidate the complexities and nuances inherent in this area of 

research.  

Investigating telomere biology presented in this thesis had two novel aspects with respect to 

T2D progression. First, the type of cell model used for the first time to observe the telomere 

length as there is no published report for utilising hIPCs for telomere biology. hIPC cells are a 
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primary cell model and considered representative of human pancreatic islets93. Second, in 

this thesis, TERC was studied as another component of telomere biology for the first time in 

hIPCs as well as human plasma samples. While considering telomere maintenance by the 

telomerase enzyme, it was hypothesized that TERC level could be measured in plasma 

samples in addition to the rLTL. What was examined in this thesis was the initial assessment 

steps in showing that plasma TERC levels in patients with T2D is significantly shorter than that 

of healthy controls. However, it is important to note that there is no claim to consider 

telomere length and TERC level as a definitive biomarker of T2D progression at this stage. This 

needs to be further investigated using larger patient cohorts together with the rLTL data while 

comparing patients with T2D, insulin resistance, and healthy individuals in matched age and 

sex settings. Another possibility is measuring rLTL and plasma TERC levels longitudinally in 

patients with insulin resistance and those at high-risk groups. A defined biomarker workflow 

suitable for clinical application is outside the scope of this thesis and additional studies are 

required to validate appropriately robust and accurate assays.  

Nonetheless, it is important to note that different biomarkers provide different types of 

information. The current established biomarkers, such as HbA1c, OGTT, and FPG are effective 

at diagnosing T2D54, while telomere length reflects cellular aging and potential oxidative 

stress62,68. Therefore, measuring telomere biology parameters is not aimed at diagnosing T2D 

but mostly for T2D progression prior to detecting the change in blood glucose. This could be 

integrated into comprehensive risk assessment models for T2D. Combining rLTL and TERC 

data with other clinical and genetic markers could yield more accurate predictions of an 

individual's risk for developing T2D. 
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Measuring plasma rLTL in the context of cardiovascular diseases is also new76, but there is no 

study for plasma TERC measurement in those medical conditions. The same approach 

suggested for T2D can be applied to CVDs for monitoring their progression and risk prediction 

utilizing the changes in telomeres. 

Analysing several cellular senescence biomarkers revealed a different pattern for the 

oscillating condition in successive cell passages compared to normal and high glucose, as well 

as increased transcript abundance of GATA4 (as one of the master regulators of senescence-

associated secretory phenotype) and IL-8 (the main chemokine released by the senescent 

cells) in the oscillating condition. 

Therefore, a different molecular profile was identified in the oscillating condition as the most 

similar environment in which islet cells are exposed to fluctuating concentrations of glucose 

during T2D progression. Similar analyses need to be performed on vascular endothelial cells 

to assess the telomere biology because of their direct exposure to high levels of blood glucose 

and their fluctuations during T2D progression. 

In this thesis, the markers of cellular senescence were measured in vitro in a cell model for 

pancreatic islets that has not been used before for this purpose. This is a novel achievement; 

however, these primary findings cannot currently be recommended for application in the 

clinical setting.  The next recommended step would be measuring the protein levels of these 

markers in a larger sample size in vitro. Also, diabetic animal models could be used to measure 

the plasma levels for these factors to define a signature of detectable senescence during T2D 

progression.   

Other biomarkers were not within the scope of this thesis, however, ongoing work on SCFA 

and other studies focusing on the identification of microRNA signature are continuing in our 
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laboratory. Further multi-omic analyses are also needed to identify the molecular criteria for 

prediction of T2D progression. 

In another set of experiments presented in this thesis, the progression of T2D and the 

underlying insulin resistance was conducted in vitro and in vivo while focusing on weight 

cycling and the yoyo diet (dietary oscillation of healthy and unhealthy diets). Higher 

concentrations of SCFAs and chow diet were considered as “healthy”, as opposed to lower 

concentrations of SCFAs or high-fat diet as “unhealthy”.  

Based on the in vitro experimental design, the gene expression levels of several beneficial gut 

hormones were measured longitudinally. The identified decreasing amplitude of change in 

the expression level of these hormones was a novel achievement that suggests yoyo dieting 

may not be a healthy strategy because eventually, the level of these hormones may not 

increase in proportion to the level of dietary SCFAs (or fibre) in the food. Epigenetic studies 

previously performed in our laboratory support these observations.  

Future studies on other colonic epithelial cell lines and primary cells would enhance our 

understanding on the effect of dietary oscillation in T2D progression. These studies are 

planned for the future, in which human primary colonic epithelial cells will be utilised. Similar 

to what has been presented in this thesis, the first step would be a pilot study to identify the 

best sodium butyrate concentration and time period in which the cells can survive best. Next, 

in the main in vitro experiments, the cells will be exposed to sodium butyrate (C4) in three 

conditions: chronic low, chronic high, and oscillating conditions. In the latter, the time at 

which the cells will be exposed to intermittent low- and high-C4 is the one that already been 

identified in the pilot study.  
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At least three experimental replicates will be used per each condition, and the cell samples 

will be collected with each cell passage. The RNA will be isolated from the cells harvested in 

each passage, as well as baseline and endpoint. Following cDNA synthesis, the expression 

level of incretin genes and SCFA receptors will be measured to investigate longitudinal 

changes over time. Certain timepoints can be selected for epigenomic investigations to track 

the changes in gene expression profile with respect to the exposure conditions and time. 

These data, combined with the data generated in this thesis, will shape a better 

understanding of the potential detrimental effects of dietary oscillations on the genes of the 

colonic cells responsible for insulin secretion and glucose homeostasis.  

In the mouse study, insulin resistance was identified mid-way through the dietary 

intervention in the oscillating group, which had a similar GTT profile at the end of the study 

compared to mice on a high-fat diet. Other evidence of T2D progression was identified in the 

behavioural tests, indicative of diabetic neuropathy in the form of weak neuromuscular 

function in the oscillating and high-fat diet group, and impaired olfactory sensing in the 

oscillating group as novel outcomes.  

Future investigations in assessing 1) serum insulin levels, 2) analysing gene expression in the 

ileum, cecum, colon, pancreas, and liver tissue to study the factors involved in T2D and insulin 

resistance progression, 3) assessing gut microbiome composition and their generated 

metabolites in the faecal samples as well as ileum, cecum, and colon content, 4) analysing the 

expression level of genes related to neuromuscular function in several brain tissues, and 

identifying their potential correlation with the behavioural tests data. 

While substantial progress has been made in understanding T2D pathophysiology24,27, there 

remain gaps in the knowledge, particularly regarding the intricate interplay of factors 
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contributing to T2D progression. The animal work presented in this thesis has paved the way 

for several avenues to be explored in future. These include serum insulin levels, gene 

expression in various tissues, gut microbiome composition, and neuromuscular function to 

build upon the findings of the current thesis. 

The investigation into serum insulin levels could provide additional valuable insights into the 

effect of dietary oscillation on T2D progression. This data would be complementary to FBG 

collected throughout the dietary intervention and GTT at the endpoint. These changes in 

glucose and insulin level may provide beneficial data on the effects of the diets, but not the 

underlying causes of these changes. Future studies could also delve into those aspects by 

analysing gene expression in various tissues to clarify the intricate underlying molecular 

mechanisms contributing to insulin resistance and T2D progression. Ileum, cecum, and colon 

gene expression profiling may reflect changes in the incretin hormone levels as well as SCFA 

receptors. The effect of dietary oscillation on insulin resistance could be identified by profiling 

gene expression in liver, muscle, and lipid tissue. Other gene expression analyses could 

include insulin and glucagon genes in pancreas and liver.  

Overall, investigating epigenetic modifications and their impact on gene expression could 

provide further insights into the dynamic regulation of genes involved in metabolic pathways. 

It is important to note that all these gene expression profiles in the oscillating group need to 

be compared to those obtained from mice on chronic high fat diet as well as normal chow as 

the representative of unhealthy and healthy diet, respectively. Furthermore, males and 

females could be compared to identify a possible effect of gender on insulin resistance and 

T2D parameters while considering body weight gain between the two groups. Furthermore, 
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to build upon these findings, single-cell RNA sequencing could be employed to gain a deeper 

understanding of cellular heterogeneity within these tissues.  

The exploration of gut microbiome composition and their generated metabolites has already 

generated a novel perspective on T2D progression283,285. In this regard, the faecal samples 

collected throughout the dietary intervention as well as the content of the ileum, cecum, and 

colon collected at the endpoint could potentially provide valuable to study the effect of 

dietary oscillation on insulin resistance and T2D progression.  

Finally, the analysis of gene expression related to neuromuscular function in various brain 

tissues collected may shed light on potential neurological links to the potential detrimental 

effect of dietary oscillation on the nervous system. Exploring the correlation between gene 

expression and behavioural test data offers a promising avenue for understanding how 

central nervous system changes contribute to the senses and motor functions. This could pave 

the way for collaborations between neuroscientists and metabolic researchers to develop a 

holistic understanding of the intricate crosstalk between unhealthy diets and dysregulation in 

the nervous system and metabolic pathways. 

In conclusion, future studies in combination of the data presented in this thesis could 

significantly advance our understanding of the effects of dietary oscillation on insulin 

resistance and T2D progression. The insights gained from assessing serum insulin levels, 

analysing gene expression, investigating the gut microbiome, and exploring neuromuscular 

function collectively contribute to a comprehensive view of the complex factors influencing 

T2D. Moving forward, integrating multi-omics approaches, such as transcriptomics, 

proteomics, and metabolomics, could help capture a more holistic picture of T2D progression. 
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Eventually, collaborative efforts between research disciplines could yield innovative 

interventions and personalized strategies for preventing and managing T2D. 

In this thesis, the potential link between SCFA level and T2D was also studied in CRC 

progression by conducting a systematic review and meta-analysis. The combined faecal 

concentration of the three major SCFA molecules (acetate, propionate, and butyrate) was 

significantly lower not only in CRC patients compared to healthy controls, but also in 

individuals with high-risk of CRC. The novelty was consolidating the link between faecal SCFAs 

concentration and CRC risk and incidence. The latter was expected; however, the more 

interesting achievement was identifying lower faecal SCFA concentrations in apparently 

healthy individuals at risk of CRC. In this regard, gut SCFA level was inversely associated with 

CRC risk, suggesting faecal SCFA concentration as a potential biomarker to identify CRC 

progression. Therefore, faecal SCFA measurement can be utilised as a non-invasive and 

complementary method to the current CRC screening procedures such as gFOBT and FIT192,193. 

One major future step could focus on the standardisation of the method used to measure 

faecal SCFA concentration. Currently, gas chromatography, mass spectrometry, high-

performance liquid chromatography, nuclear magnetic resonance spectroscopy, ion 

chromatography, and capillary electrophoresis are used for measuring metabolite 

concentrations in faeces samples344. The absence of a gold standard technique for measuring 

SCFAs in faecal samples poses a significant challenge. This lack of standardization can lead to 

inconsistencies and variations in reported SCFA concentrations across studies, making it 

difficult to compare and interpret results. The meta-analysis method used in this thesis helped 

reduce the effects of this diversity to a minimum, however, standardisation is needed in the 

laboratory and clinical setting.  



Ehsan Alvandi, PhD thesis, page 214 
 

Also, sample preparation can vary significantly among laboratories344. Factors such as sample 

extraction, derivatization and storage conditions can influence SCFA stability and recovery345. 

Inconsistencies in sample preparation can lead to variations in measured concentrations346. 

Therefore, developing a standardised protocols for sample collection, processing, and storage 

is crucial. These protocols should be validated to ensure that SCFAs are preserved in a 

consistent manner across different research settings.  

Moreover, the absence of certified reference materials or standard reference compounds for 

SCFAs is another challenge for calibration and validation of the analytical assays. Without 

reliable standards, it is difficult to accurately quantify SCFA concentrations in faecal samples. 

Efforts should be made to produce and distribute certified reference materials for SCFAs. 

These materials can serve as benchmarks for calibration and quality control, ensuring the 

accuracy and comparability of SCFA measurements. 

In summary, addressing the challenge of having a robust standardized approach for 

measuring SCFAs in faecal samples requires a coordinated effort from the scientific 

community. Researchers should collaborate to evaluate and validate existing methods, 

develop standardized protocols, and work towards the production of certified reference 

materials. This will ultimately enhance the reliability and comparability of SCFA 

measurements, facilitating more meaningful and consistent findings in SCFA research to 

introduce faecal SCFA measurement as a standard non-invasive method for CRC screening.  

Apart from methodology standardisation, to comprehensively establish the link between 

SCFAs and CRC, researchers need to delve deeper into the molecular mechanisms at play. 

While current evidence suggests that SCFAs play a protective role by promoting a healthy gut 

environment and inhibiting inflammation105,106,114, the precise signalling pathways and 
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molecular interactions are not yet fully understood106. Future studies should aim to uncover 

the mechanisms through which SCFAs influence CRC progression, including their effects on 

cell proliferation, apoptosis, and DNA damage repair. Additionally, future research should 

focus in more detail on characterizing the specific bacterial species responsible for SCFA 

production and how alterations in the microbiome, such as dysbiosis, may impact SCFA 

concentrations113,114. Moreover, investigating the interplay between host genetics and 

microbiome composition in SCFA metabolism is an avenue that holds great promise113,114. 

Despite the established inverse association between faecal SCFA concentration and CRC risk 

confirmed in this thesis, longitudinal studies are crucial to assess the temporal relationship 

between them.  The meta-analysis presented in this thesis benefited from the data available 

from case-control and cross-sectional studies, however, longitudinal studies are required to 

follow at-risk individuals over extended periods to track changes in faecal SCFA levels. Such 

research would allow for a more precise determination of whether gradual changes in SCFA 

concentrations is aligned with CRC development to identify critical windows of intervention. 

In addition, future potential work includes the use of SCFA in intervention studies aimed to 

slow down or prevent CRC progression. For example, future research could explore the 

potential of dietary interventions, including fibre-rich diets or probiotics, in manipulating 

SCFA production and mitigating CRC risk. These interventions should be tested in both animal 

models and human clinical trials to evaluate their effectiveness and safety. Further future 

research could explore how SCFA concentrations and their impact on CRC risk vary across 

populations. This could provide valuable insights into the interplay between genetics, 

lifestyle, and SCFA metabolism in different contexts. 
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The emerging field of research into the link between SCFA concentrations and CRC risk 

represents a promising avenue for reducing the burden of this disease. However, to harness 

the full potential of SCFAs in CRC prevention and management, future research must address 

the critical knowledge gaps outlined above. By advancing our understanding of SCFA biology 

and its implications for CRC, we can pave the way for innovative strategies to reduce the 

global impact of this devastating disease. In summary, this thesis has provided additional 

information about the beneficial aspect of SCFAs to create a healthy gut environment against 

CRC, T2D, and obesity progression, considering obesity and T2D as risk factors of CRC.  

The work on CRC continued by focusing on patients with early-onset CRC. This was achieved 

by accessing the Concord colorectal surgery registry database to identify the 

clinicopathological and survival features that potentially could adversely impact individuals 

with EOCRC. Lynch Syndrome (LS) was excluded to allow the focused analysis of sporadic 

EOCRC, and thus a new abbreviation was suggested – sEOCRC as opposed to EOCRC in 

general, which includes LS. No increasing trend in sEOCRC incidence was observed, however, 

rectal cancer was significantly more prevalent in this age group, as well as the percentage of 

regional and distant metastasis, and poorly differentiated tumours. Also, sEOCRC patients had 

a 1.7-fold increased risk of metastasis compared to their older counterparts. Patients with 

sEOCRC had a better five-year survival rate, however, the estimated mean cancer-specific 

survival time was only about one year greater in this age group.  

There are future research needs and avenues for better understanding sEOCRC. One 

fundamental aspect is to delve deeper into its genetic and molecular underpinnings. Future 

research could focus on conducting large-scale genomic studies to identify specific genetic 

alterations, such as mutations in oncogenes and tumour suppressor genes, that drive CRC at 
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earlier age. This could help in the development of targeted therapies and precision medicine 

approaches tailored to younger patients. Additionally, exploring the epigenetic modifications 

and gene expression profiles associated specifically with sEOCRC could provide valuable 

insights into the mechanisms underlying its aggressiveness and distinct clinical behaviour. The 

two key findings in this thesis, higher rate of metastasis and more advanced tumour at 

diagnosis, warrant investigating the interplay between genetic and environmental factors in 

sEOCRC susceptibility to unravel the complex aetiology of this disease. 

Understanding the risk factors contributed specifically to sEOCRC, compared with LOCRC, was 

among the initial aims of this thesis. However, this was not fully achieved due to the nature 

of the database which was established with more of a focus on surgical parameters. 

Nonetheless, male sex, previous history of IBD, and family history of CRC was identified as 

sEOCRC risk factors. In general, some risk factors, such as family history and hereditary 

syndromes, are well-established, but there is a need to explore the role of lifestyle factors, 

diet, microbiome composition, and environmental exposures in CRC development in young 

patients217,347. Research should aim to identify modifiable risk factors that can be targeted 

through preventive interventions. 

Additionally, investigating the potential role of the gut microbiota in sEOCRC development is 

an emerging area of interest348,349. Distinct microbial profile variations between sEOCRC and 

LOCRC could serve as a prospective diagnostic biomarker in the future350. This avenue of 

research holds promise for developing microbiome-based interventions to mitigate CRC 

risk350.  

Future research should also address disparities in sEOCRC incidence, diagnosis, and 

treatment351. There are socioeconomic, racial, or geographic factors contributing to 
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disparities in CRC outcomes among younger individuals351. Identifying these disparities and 

their root causes is essential for developing targeted interventions and improving access to 

care for all affected populations352. Furthermore, studying the economic burden of sEOCRC 

on patients and healthcare systems can inform healthcare policy decisions and resource 

allocation351,352. Research in this area can guide the development of cost-effective strategies 

for CRC prevention, screening, and treatment. 

However, one of the most immediate and actionable steps that can be performed in parallel 

to the recommended future directions is the consideration of lowering the age at which 

individuals should begin CRC screening. Based on the what is reported in this thesis and 

previous findings211,224, sEOCRC often presents at advanced stages, leading to poorer 

prognosis and treatment outcomes199. Therefore, lowering the age for CRC screening is crucial 

to lowering sEOCRC incidence138,204. Other future research can focus on developing non-

invasive readily available biomarkers for detecting CRC at younger age by identifying new 

blood-based markers or novel imaging techniques. Investigating the feasibility of these 

markers in routine clinical practice and assessing their cost-effectiveness are essential steps 

in their implementation. 

In summary, the significantly higher percentage of metastasis in patients with sEOCRC, higher 

chance of developing a metastatic tumour, and only a minor difference in survival of these 

patients in case of distant metastasis supports the reconsideration in the commencing age of 

the National Bowel Cancer Screening Program in Australia. The data presented on sEOCRC in 

this thesis provides further evidence about the complexities of sEOCRC and the need for 

detecting polyps or tumours in its preliminary stages before it turns into a full-blown disease. 

It is important to note that CRC should not be considered as a disease of the elderly and 
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screening programs should be extended to earlier age, at least to 45 years old. Future studies 

on larger cohort samples including the information on the metastasis status could help 

elucidate the adverse features that is associated with CRC at a younger age. 

Globally, T2D and CRC are among the most prevalent metabolic disease, and cancers, 

respectively. This thesis has explored multiple aspects of these two medical conditions and 

has generated important research findings that contribute to understanding the molecular 

changes, biomarkers, and risk factors involved in T2D and CRC progression.  
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Appendices 

All the protocols are established in Diabetes and Islet Biology laboratory, School of Medicine, 

Western Sydney University, NSW, Australia. Appendix C (relative telomere length 

measurement using qPCR) is written based on Joglekar et al. 2020 article (PMID: 32260112) 

and confirmed by Dr. Mugdha Joglekar.  
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Appendix A: Cell passaging and counting 
 

Title:   Cell counting and cell distribution 

Protocol #: 16 Submitted:  21/04/2014 Approved:  21/04/2014 

Category:  CC Author(s): WW, MVJ, AAH Checked by:  AAH 

 

Reagents: 

1) Trypan Blue 0.4%, liquid, sterile-filtered, suitable for cell culture (Sigma Aldrich, 
catalog # T8154) 

2) Serum Containing Media (SCM). Note- Media with vary depending on cell type 
3) Trypsin + EDTA 
4) Serum Free Media (SFM). Note- Media with vary depending on cell type 
5) 70% Ethanol 

All plastic ware should be nuclease free.  Never stick your hands into containers of nuclease-

free plastic ware.  Always pour out whatever is required. Use of appropriate PPE is a must. 

Equipment 

1) Use appropriate PPE 
2) Hemocytometer  
3) Cover slip 
4) Water bath 
5) Biosafety cabinet 
6) Media waste dispenser bottle 
7) CO2 incubator 
8) Microscope 
9) Centrifuge 
10) Tissue culture plate (Falcon well Clear Flat Bottom TC-Treated Cell Culture Plate- 

24 wells : catalog # FAL353047; 12 wells : catalog # FAL353043; 6 well : catalog # 
FAL353046) 

11) 1.7 ml Eppendorf tube 
 

Reagent Setup 

1) Set water bath to 37 °C 
2) Place media bottles and Trypsin +EDTA into water bath 
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3) Turn UV on for 15 minutes before using biosafety cabinet 
4) Switch UV light off after 15 minutes and turn on biosafety cabinet and open glass 

door of cabinet 
5) Wipe biosafety cabinet working bench area with 70 % Ethanol when biosafety 

cabinet is “on” 
6) Wipe media bottles and other reagent tubes with 70 % Ethanol before putting 

them into the biosafety cabinet 
7) Take cell culture flask (ideally T75) out from CO2 incubator 

8) Examine cells under microscope (ideally the cell culture should be confluent 
before proceeding cell count) 

 

Procedure 

Trypsinization 

1) Wipe cell culture flask containing cells with 70 % Ethanol and place then flask into 
biosafety cabinet 

2) Remove and discard the media in the flask 

3) Add 4-5 ml of Trypsin +EDTA into the T75 flask to cover the surface of where the cells 
lie.  

4) Incubate flask in CO2 incubator for 2 minutes (to let the cell dislodge from the 
surface of the flask) 

5) Examine the flask under the microscope to make sure the cells have dislodged (i.e. 
floating). Note- If necessary to increase the chances of dislodging all the cells- tap the 
sides of the flask to help the cell to dislodge 

6) Add 1 ml of SCM into flask to stop the process of trypsinization 

7) Resuspend media in flask and transfer media into a 15 ml tube 

8) Centrifuge 15 ml tube at 1500 rpm for 3 minutes to pellet down the cells 

9) Remove the supernatant 

10) Resuspend cell pellet in 4 ml of SFM. Note- make sure you resuspend well to get a 
good distribution of the cells  
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Cell counting 

11)  Set up haemocytometer 

12) Put on a dab of water on the side of the haemocytometer counting chambers (which 
is located in the centre). Note- make sure not to have any water on the counting 
chamber region.  

13) Place carefully the cover slip on the haemocytometer to cover the counting chamber 
in the centre. Note- Make sure not to spread the water (which is only used to stick 
the cover slip on the haemocytometer) onto the counting chamber region 

14) Resuspend the cells in 4 ml of SFM with a 1 ml pipette. Note- make sure you 
resuspend well to get a good distribution of the cells 

15) Transfer 10 µl of the cells into an Eppendorf tube 

16) Add 10 µl of trypan blue into Eppendorf tube 

17) Resuspend the cells with trypan blue mixture and transfer 10 µl of this mixture onto 
the haemocytometer. Note- 10 µl of mixture is loaded between the cover slip and 
haemocytometer. Make sure the 10 µl is spread through the rectangular cell 
counting region 

18) Examine haemocytometer under the microscope at 10 x 

19) Count each quadrant individually (the quadrants are circled in the image below. 
There are 16 squares per a quadrant. Include cells which sit on the edge of the line 
as well 
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20)  Add the total cell count of all four quandrants together (i.e. all 64 squares) 

21) Calculate the number of cells/ml 

Example- 

Quadrant 1 has 31 cells 

Quadrant 2 has 33 cells 

Quadrant 3 has 26 cells 

Quadrant 4 has 24 cells 

Total number of cells in all quadrants together = Q1 +Q2 +Q3 +Q4 = 31+ 33 +26 + 24  

           = 114 

Number of Cells/ml = Total number of cells in all quandrants/4 x 104 x dilution factor 

       = 114/4 x 104 x 2 

       = 5.7 x 105 

              Total number of cells = Number of cells per ml x total volume 

            = 5.7 x 105 x 4 ml 

            = 2.28 x 106 

Cell distribution 

22) Distribute a certain number of cells evenly into each well of a tissue cell culture plate 

Example-  
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If you are intending to have 18 wells with each containing 100, 000 cells, however you have 

2.28 x 106 cells in a total of 4 ml- it would be better to adjust the volume to make cell 

distribution easier 

I.e. By adding 0.56 ml of SFM to the 4 ml of cell would make 500,000 cells per ml. Thus each 

200 µl would contain 100 000 cells. Note- the 0.56 ml is obtained by doubling the decimal 

value of the million cells in total volume calculate (in this case is 0.28 ml)  

 

23) Add additional amount of SFM media to make up volume to 500 µl in each well in a 
24-tissue culture plate. Note- volume may vary in different size tissue culture plates  

24) Examine cells under the microscope 

25) Store plate in CO2 incubator 

26) Centrifuge any remaining cells at 1500 rpm for 3 minutes 

27) Transfer supernatant into a Eppendorf tube 

28) Label and store remaining dry pellet and supernatant separately in -80 °C. 
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Appendix B: DNA isolation from cells 
 

Title:  Cellular DNA extraction 

Protocol #: DNA1.1C/21 Submitted:  18/01/2021 Approved:  19/01/2021 

Category:  MB Author(s): MVJ Checked by:  AAH 

 

Reagents 

1) 1.7 ml microcentrifuge tubes (Axygen, MCT-175-C)  
2) QIAmp DNA Blood Mini Kit (Qiagen, 50 rxns 51104, 250 rxns 51106)  
3) Dulbecco’s Phosphate Buffered Saline, DPBS (Gibco, 14190-250)  
4) 100% Ethanol (Sigma, E7023-500ml)  
5) Fresh aliquot for nuclease-free water  
6) P10, P20, P200 and P1000 filtered tips 

  
Equipment  

1) Centrifuge for Eppendorf tubes.  
2) Vortex mixer  
3) Well calibrated micropipettes designated for (pre-PCR) nucleic acid isolation  
4) Thermomixer (preferred) or convection oven set at 56°C.  

 
Notes 

1) All plastic wares should be nuclease free. 
2) Never stick your hands into containers of nuclease-free plastic ware.  Always pour 

out whatever is required.  
 

Reagent Setup  

1) Allow samples to thaw thoroughly on ice prior to commencing.  
2) Set temperature on thermomixer or convection oven to 56°C.  
3) Prepare buffers as per Qiagen manual.  

 

Procedure  

1. Thaw the cell pellets and resuspend in 200 µl of DPBS.    

2. Add 20 µl Qiagen protease. Ensure proper mixing of enzyme and cell suspension by 
pipetting multiple times. DO NOT discard any part of the solution during mixing.  

3. Add 200 µl Buffer AL.  



Ehsan Alvandi, PhD thesis, page 243 
 

4. Vortex for 15 sec. Use appropriate eye protection and other PPE always.  

6. Incubate at 56°C for 10 min. Tubes may have bubbles and lids may be displaced from 
the gas. Ensure they are secure before proceeding.  

7. Briefly centrifuge for 10-15 sec to bring the liquid (if any) from the caps together at 
the bottom of the tube.  

8. Add 200 µl of 96-100% Ethanol. Use absolute ethanol, DO NOT dilute.  

9. Vortex for 15 sec and then briefly centrifuge.  

10. Transfer the sample mixture (~600 ul) to a QIAamp Mini Spin column. Make sure to 
add directly on the filter and not touch the rim of columns or the filter itself.  

11. Centrifuge at 6,000 xg for 1 min. If lysate is still observed on the column, perform 
the spin again at the full speed.  

12. Place column in a clean 2 mL collection tube and discard the old collection tube 
with flow-through.   

13. Add 500 µl Buffer AW1 to column.   

14. Centrifuge at 6,000 xg for 1 min and discard flow-through but do not discard the 
collection tube at this time.  

15. Add 500 µl Buffer AW2 to column.   

16. Centrifuge at full speed (20,000 xg) for 3 min.  

17. Put column in a new 2 ml collection tube and discard the old collection tube with 
the filtrate.   

18. Centrifuge at full speed (20,000 xg) for 1 min. Discard the collection tube.  

19. Put column in a 1.7 ml microcentrifuge tube.   

20. Put 60 µl Buffer AE directly on the filter. Switch tips between samples to avoid 
cross-contamination.  

21. Incubate at room temperature for 5 min.   

22. Centrifuge at 6,000 xg for 1 min. Discard filters.  

23. Measure concentration of DNA or store it at -20°C. Nanodrop or Qubit or 
Bioanalyzer can be used for DNA quantitation. For long-term storage, place the DNA 
in -80°C. Several freeze-thaw cycles should not generally interfere with most 
downstream applications, however for long-range PCR/seq and high sensitivity 
applications store in aliquots and avoid multiple freeze-thaw. Mark with a dot on the 
side and cap for every freeze-thaw and record in the logbook.   
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Appendix C: Relative telomere length measurement using qPCR  
 

This protocol is written based on Joglekar et al. 2020 article (PMID: 32260112) and is 

confirmed by Dr. Mugdha Joglekar.  

 

Reagents 

1) Nuclease-free water (Qiagen, catalog #: 129117) 
2) TaqMan® 2X Fast SYBR green master mix (Applied Biosystems, catalog #: 4385612) 
3) Telomere primers (F: CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT,                              

R: GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT) 
4) hBG primers (F: GCTTCTGACACA ACTGTGTTCACTAGC, R: 

CACCAACTTCATCCACGTTCACC) 

 

Consumables 

1) MicroAmp® Fast Optical 96-Well Reaction Plate, 0.1 mL (with Barcode, catalog #: 
4346906 (20 plates) or without Barcode catalog #: 4346907 (10 plates)) 

2) MicroAmp® Optical Adhesive Film (seal) (Applied Biosystems, catalog #: 4311971 (100 
covers)) 

3) Adhesive Seal Applicator (Applied Biosystems, catalog #: AB1391 or 4333183) 
4) MicroAmp™ 96-Well Support Base (Applied Biosystems, catalog #: 4379590) 
5)  Filter tips for pipettes (2ul, 20ul, 200ul, 1mL) 
6) 1.7 mL centrifuge tubes 

 

Equipment 

1) Use appropriate PPE 
2) NanoDrop / Qubit 
3) ViiA™ 7 Real-Time PCR System 
4) Refrigerated centrifuge for 96-well plate- set at 4°C 

 

Procedure 

1) Prepare DNA samples using commercially available kits such as from Qiagen or other 
extraction methods using phenol-chloroform. Dilute the DNA sample to obtain 200ng 
DNA in 24µl (8.33 ng/µl) 
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Rationale: There are two reactions (one for telomeres, and one for hBG gene (human 
beta globulin) as a single copy gene normalizer) per sample, and each is measured in 
triplicate: 6 reactions for each DNA sample.  
The volume of DNA solution to be used for PCR must be calculated to provide 25ng 
DNA to each reaction  aiming for 6 reactions  top up to 8 reactions  8*25ng = 
200ng DNA is needed in 24µl 

 

2) Mix the DNA samples well by vortex, and spin. 

 

qPCR Run 

Each run contains 96 reactions using a 96-well plate  

Each plate contains 30 samples (triplicate), 1 positive control, and 1 no template control (NTC) 
sample 

One plate for hBG gene, one plate for telomeres. 

 

Reaction setup for hBG gene, per each reaction: 

Reagent Volume (µl) per 
reaction 

2X Fast SYBR Green Master Mix 5 
3µM Forward primer 1 
7µM Reverse primer 1 
8.33ng/µl DNA 3 
Total 10 

 

Reaction setup for telomeres, per each reaction: 

Reagent Volume (µl) per 
reaction 

2X Fast SYBR Green Master Mix 5 
1µM Forward primer 1 
3µM Reverse primer 1 
8.33ng/µl DNA 3 
Total 10 

 

 

1) Prepare the following mix on ice for hBG gene and telomeres separately: 

Reagent Volume for all 96 
reactions(µl) 

2X Fast SYBR Green Master Mix 515 
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Appendix D: RNA isolation from cells  
 

Title:   Cell RNA Isolation using Trizol 

Protocol #: MB_RNA12 Submitted:  15/06/2015 Approved:  15/06/2015 

Category:  MB Author(s): WW, MVJ, RJF Checked by:  MVJ, AAH 

 

Reagents:  
1) Nuclease-free 1.7 ml Eppendorf microcentrifuge tubes  
2) Trizol (or TRI reagent)  
3) Chloroform (molecular biology grade)  
4) Isopropyl Alcohol / IPA (molecular biology grade)  
5) Ethanol (96-100% pure) (Catalog #: 108543 from Merck or Catalog #: E7023500ml 

from Sigma Aldrich)  
6) Fresh aliquot of nuclease-free water  
7) P10, P20, P200 and P1000 filtered tips  
8) RNase AWAY (highly preferred but not essential)  
 

All plastic ware should be nuclease free. Never stick your hands into containers of 
nucleasefree plastic ware. Always pour out what is required.  Use appropriate PPE.  Know 
your hazards and question your colleague to confirm they have the knowledge of PPE.  Report 
any shortcomings to your supervisor.      
  
 
Equipment  
 

1) Appropriate PPE;  
2) Refrigerated centrifuge for Eppendorf tubes set at 4°C;  
3) Vortex mixer;  
4) Well calibrated micropipettes designated for (pre-PCR) nucleic acid isolation.  

  
 
Reagent Setup  
 

1) Allow samples to thaw thoroughly on ice prior to commencing.  
a. Due to the time involved in each stage of processing, a maximum of EIGHT 

samples should be processed at a time. DO NOT EXCEED this number for 
any reason.  

2) Set temperature on centrifuge to 4°C  
a. Run “Fast Temp” program if changing rotor or a quick cool down is 

required.  
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b. Use a dedicated centrifuge with appropriate rotor  
3) Clean gloves with RNase Away prior to commencing.  

  
 

Procedure  
  

1) Lyse cells by adding 1 ml of Trizol to each sample in a 1.7 ml Eppendorf tube. For 
this protocol use 1 ml of Trizol. If a different volume of Trizol is used (e.g. 0.5mL), the 
volume of all other reagents must be altered to maintain the correct ratios.   

2) Add 200 µl of chloroform to each sample and shake vigorously for 1 min. This 
ensures correct mixing. Do not vortex at this stage.  

  

3) Immediately centrifuge the tubes at 12,000 x g for 15 mins at 4°C.   

4) Carefully remove the upper aqueous (clear) layer (400-500 µl) into a fresh 
1.7 ml microcentrifuge tube. Use a 200 µl pipette and tips to remove this gradually. 
Note: There will be a large amount of white precipitate at the interface between the 
organic and aqueous layers. Do not disturb this layer. After the removal of 400-500 
µl there will still be some of the aqueous layer left; try to remove as much as possible 
without contamination.   

  
5) Add 500 µl of IPA.  
  
6) Mix gently by inverting 7-10 times. Do not vortex or shake tubes.  
  
7) Incubate for 10 mins at RT.   
  
8) Centrifuge at 12,000 x g for 15 mins at 4°C. A pellet may not always be visible 
at this stage, so always orient the tubes with the hinge facing outwards to allow 
estimation of the pellet location – in the bottom towards the hinge.  
  
9) Prepare a fresh volume of 75% ethanol while the samples are spinning. For 
8 samples, add 6.75 ml of 100% ethanol to 2.25 ml of nuclease-free water (9 ml in 
total)  
  
10) Carefully aspirate and discard the supernatant by placing the pipette tip 
along the wall of the tube opposite to the hinge. When removing the supernatant, 
reduce the size of the pipette as you go to minimise disturbance to the pellet. Ideally, 
use a P200 initially, then a P20 when getting closer to the pellet.  
  
11) Add 1 ml of freshly prepared 75% ethanol to each tube and briefly vortex.   
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12) Centrifuge at 12,000 x g for 15 mins at 4°C. As in #8, orient tubes with the 
hinge facing outwards.  
  
13) Carefully aspirate and discard the supernatant by placing the pipette tip 
along the wall of the tube opposite to the hinge. As before (#10), reduce the size of 
the pipette when removing the supernatant. Ideally, use a P200 initially then a P10 to 
remove as much ethanol as possible.  
14) Allow the tubes to dry at RT for 5 minutes. Lay the tubes flat with their lids 
open. If there are large droplets, gently twist the tube to spread out the liquid, 
allowing it to dry faster. Note: Do not over dry the samples as this will reduce the 
solubility of the RNA.  
  

15) Add 15 μl of nuclease‐free water to each tube and resuspend. Always store 
RNA on ice after this stage. The volume may vary depending on the pellet size.  
  

16) Measure concentration of RNA using Nanodrop. If you are not going to 
proceed with downstream analysis immediately, skip this step and store your RNA. 
Always measure (Nanodrop, Qubit or Bioanalyzer) before downstream processing.  
  

17) Store RNA at -80°C. Once you store samples at -80°C, log sample details in 
the freezer log on networked lab drive.  IF SAMPLES ARE FOR OVERSEAS SHIPMENT 
then follow the vendor protocol for plating the samples on to RNA stable plates – DO 
NOT FREEZE.  
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Appendix E: cDNA Synthesis  
 

Title:   cDNA synthesis for mRNA qPCR 

Protocol #: 28 Submitted:  03/03/2014 Approved:  03/03/2014 

Category:  MB Author(s):2 WW, MVJ, AAH Checked by:  AAH 

 

Reagents: 

1) RT Random Primers (10x) 
2) dNTPs with dTTP (100 mM) 
3) RT Buffer (10x) 
4) Enzyme (recombinant moloney murine leukemia virus (rMoMuLV) reverse 

transcriptase (50 U/μl) 
5) Nuclease-free water (Qiagen, catalog #: 129117) 
6) PCR (0.2 ml) tubes (Axygen, catalog #: PCR-02-C) 

Note: Reagents 1 to 4 are components of the High-Capacity cDNA Reverse Transcription Kit 

(from Thermofisher, Catalog #:   4368813 or 4368814) 

All plastic ware should be nuclease free.  Never stick your hands into containers of nuclease-

free plastic ware.  Always pour out whatever is required. Use of appropriate PPE is a must. 

Equipment 

1) Use appropriate PPE 
2) Thermocycler  
3) Vortex mixer 
4) Mini-centrifuge 

 

Reagent Setup 

Thaw the reagents on ice: Reverse Transcription (RT) Random Primers (10X), dNTPs with 
dTTP (100 mM) and RT Buffer (10x). Do not keep the enzyme (recombinant moloney 
murine leukemia virus (rMoMuLV) reverse transcriptase (50 U/μl) on ice. The enzyme is 
always stored at -20 °C and when using enzyme, make sure to keep it on a -20°C block 
and immediately store back in -20°C freezer after addition. 
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Procedure 

1) Use this protocol for a total RNA input of 500 ng.  

2) Gently vortex all reagents, except the enzyme (N.B. Do not vortex enzyme), and 
briefly centrifuge them maximum speed for 10 sec (using minifuge). 

3) Combine reagents to make RT reagent mix, as described in table below. It is 
recommended to prepare at least 5% excess volume to compensate for pipetting 
error. 

Components Volume per reaction (μl) 

10 X RT Buffer 0.5 

25X dNTPs (100 mM) 0.2 

10X Random Primer 0.5 

Reverse transcriptase (50 U/μl) 0.25 

Total 1.45 

 

4) Vortex to mix and then centrifuge briefly at maximum speed for 10 sec (using 
minifuge).  

5) Add 500 ng of each RNA sample into a new PCR (0.2 ml) tube, and then add an 
appropriate volume of nuclease-free water to make a total of 3.55 μl.  

6) Add 1.45 μl of the RT reagent mix into each PCR tube.  

7) Vortex to mix, and then briefly centrifuge at maximum speed for 10 sec (using 
minifuge).  Place samples into a thermocycler and start the RT program. Cycling 
conditions: 25 °C for 10 min, 37 °C for 2 h, 70 °C for 10 min and hold at 4 °C. Store 
cDNA at -15 to -25 °C or use immediately. 

 

  



Ehsan Alvandi, PhD thesis, page 252 
 

Appendix F: Gene expression analysis using TaqMan qPCR 
 

Title:  TaqMan mRNA qPCR on a 96-well platform 

Protocol #: 29 Submitted:  30/09/2014 Approved:  30/09/2014 

Category:  MB Author(s):3 WW, MVJ, AAH Checked by:  AAH 

 

All plastic ware should be nuclease free.  Never stick your hands into containers of nuclease-

free plastic ware.  Always pour out whatever is required. Use of appropriate PPE is a must. 

 

Reagents: 

1) TaqMan® Fast Universal PCR Master Mix (2X), No AmpErase® UNG (Applied 
Biosystems, catalog #: 4366072 (500 reactions)) 

2) TaqMan® primer/probe assay(s) (Applied Biosystems, catalog #: 4331182 (small)) 
3) Nuclease-free water (Qiagen, catalog #: 129117) 
4) MicroAmp® Fast Optical 96-Well Reaction Plate, 0.1 mL (with Barcode, catalog #: 

4346906 (20 plates) or without Barcode catalog #: 4346907 (10 plates)) 
5) MicroAmp® Optical Adhesive Film (seal) (Applied Biosystems, catalog #: 4311971 (100 

covers)) 
6) Adhesive Seal Applicator (Applied Biosystems, catalog #: AB1391 or 4333183) 

 

Equipment 

1) Use appropriate PPE 
2) ViiA™ 7 Real-Time PCR System 
3) Refrigerated centrifuge for 96-well plate- set at 4°C 

 

Reagent Setup 
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1) Make sure that the correct block, heated lid and sample carrier is installed in the and 
ViiA™ 7 Real-Time PCR Instrument (system). 

2) Turn on computer, software program ViiA™ 7 Real-time PCR software (N.B. version 
or name of software may vary) and ViiA™ 7 Real-Time PCR System connected (N.B. 
Make sure system is connected to computer by selecting and checking from console 
tab of the software).  

3) Set refrigerated centrifuge to 4°C 
4) Thaw cDNA samples and selected primer/probe assays on ice. 

 

Procedure 

1) Dilute cDNA sample to 33.3 ng/µl if haven’t already. For example- if stock cDNA sample 
was prepared in 500 ng total in a 5 µl reaction, take 3 µl of cDNA stock (i.e. 100 ng/µl) 
and add 6 µl of nuclease-free water to make a 1 in 3 dilution to obtain 33.3 ng/µl. 

2) Combine reagents to make reagent mix for each primer/probe assay, as described in 
table below. It is recommended to prepare at least 5% excess volume to compensate 
for pipetting error. 

Reagent Volume (µl) per reaction 

2X TaqMan® Fast Universal PCR Master Mix 2.5 

20X TaqMan® primer/probe assay 0.25 

Nuclease-free water 1.25 

Total 4 

 

3) Vortex to mix qPCR reagent mix and then centrifuge briefly at 10,000 x g for 10 sec 
(quickspin).  

4) Add 4 μl of the appropriate qPCR reagent mix into the respective well(s) of 96-well 
fast qPCR plate. N.B. Additions on plate are performed while the plate is on a plate 
holder (provided along with ViiA™ 7 instrument) on ice. 

5) Vortex to mix diluted cDNA sample and then centrifuge briefly at 10,000 x g for 5 sec 
(quick-spin).   

6) Add 1 μl of 33.3 ng cDNA sample into the respective well(s). 
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7) Seal 96-well fast qPCR plate with adhesive film. N.B. use applicator to seal the adhesive 
film properly. Do not mark or write on the adhesive film, top and bottom of the in 96-
well fast qPCR plate.  

8) Centrifuge 96-well fast qPCR plate at 3000 rpm for 5 min, 4 °C. N.B. Make sure there 
are no visible air bubbles in 96-well fast qPCR plate. 

9) Place 96-well fast qPCR plate into Real-time PCR system. 

10) Set up experiment with fast 96-well block (0.1 mL), standard curve as experiment type, 
TaqMan ® Reagents and fast run. 

11) Enter the appropriate target (i.e. selected primer/probe assay and assay dye) and 
sample details and assign them on the 96-well plate layout. 

12) Run 96-well fast qPCR plate with the following default run settings- Hold stage: 95 °C 
for 20 sec (ramp 2.63 °C/sec), PCR stage step: 50 cycles [95 °C for 1 sec (ramp 2.63 
°C/sec) and 60 °C for 20 sec (ramp  2.42 °C/sec)]. Reaction volume per well is set at 10 
µl. 

13) Click “Run” and then “Start Run” with connected real-time PCR system. 
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Appendix G: Digital droplet PCR  
 

Title:  Digital droplet PCR for gene target(s) (automated droplet generator) 

Protocol #: 32 Submitted:  08/04/2016 Approved:  08/04/2016 

Category:  MB Author(s):4 RJF,WW,AAH Checked by:  AAH 

 

All plastic ware should be nuclease free.   Never stick your hands into containers of nuclease-

free plastic ware.  Always pour out whatever is required. Use of appropriate PPE is a must. 

 

Reagents/Consumables: 

1) TaqMan®Assay(s), 20X (primer/probe mix) (Applied Biosystems) 
2) ddPCR Supermix for Probes, no dUTP (Bio-Rad #186-3024)  
3) Semi-Skirted 96-well plate (Eppendorf #951020346) 
4) 96-well aluminium foil plate seal (Beckman-Coulter #538619)  
5) Automated droplet generator oil (Bio-Rad #186-4110) 
6) Automated droplet generator tips (Bio-Rad #186-4121) 
7) Automated droplet generator cartridges (Bio-Rad #186-4109) 
8) Automated droplet generator cold block (stored at -20˚C) 
9) Pierceable foil heat seal (Bio-Rad #1814040) 
10) Filtered pipette tips 

 

Equipment 

1) Use appropriate PPE 
2) Automated droplet generator 
3) Heat sealer 
4) QX200 Droplet Reader 
5) Vortex mixer 
6) Well calibrated micropipettes designated for pre- and post-PCR 
7) C1000 thermocycler with deep 96-well block 
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Reagent Setup 

1) Allow samples to thaw thoroughly on ice prior to commencing. 
2) Thaw supermix for first use. Once thawed, store at 4°C and use within 2 weeks. 
3) Turn on the QX200 droplet reader 30 mins before use. 
4) Ensure the droplet generator oil is tightly screwed into the auto droplet 

generator. Prime the lines when a new bottle is installed. 
 

Procedure 

1) Create the ddPCR mastermix. Below is the volume (µl) of each reagent per reaction. 
It is recommended to add 5% extra to account for pipetting error. 

a. Supermix    12.5 

b. Primer/Probe+   1.25 

c. Water#    10    

Total   23.75 

2) Briefly vortex and centrifuge the mastermix. 

3) Add 23.75 µl of the mastermix to the respective wells in the Eppendorf 96-well 
plate. Ensure that the samples are configured in groups of eight (8), positioned in the 
columns of the plate. If you do not have samples in multiples of eight, place the 
appropriate number of NTC controls to fill the remaining wells. 

4) Briefly vortex and spin the samples and then add 1.25 µl # of the cDNA to the 
respective well. Mix by pipetting twenty (20) times. 

5) Seal the droplet plate with the pierceable heat seal (180°C, 5 secs). Make sure the red 
stripe on the seal is visible. Be careful when placing the block into the heat sealer; 
support the base to minimise damage to the rails. Remove the block after sealing. 
Centrifuge the plate at 1500rpm for 3 minutes. 

6) Allow the plate to sit at room temperature for 10 mins. It is important to let the 
samples come to room temperature for optimal droplet generation. 

7) Set up the automatic droplet generator. Load consumables from the back to the 
front of the machine to minimise contamination.  

a. Configure the sample plate. 

b. Insert the required droplet generation cartridges and tips (N.B. x2 amount of 
the tips for each sample is required) within the machine. Completely remove 
the lid of the tip boxes.  
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c. Check the tip waste. 

d. Place the cool block into the machine. 

e. Place empty (collection) Eppendorf 96-well plate on cool block (this is the 
droplet plate). 

8) Place the sample plate (i.e. the plate containing the mix) on the sample plate position 
of the machine. Note: Do not remove the seal (foil), this is to prevent chances of 
cross-contamination. In addition the tips can pierce through the seal. 

9) Run the droplet generation program. The cycle will take ~45 mins for a full 96-well 
plate. Remove the droplet plate within two (2) hours. 

10) Seal the droplet plate with the pierceable heat seal (180°C, 5 secs). Make sure the red 
stripe on the seal is visible. Be careful when placing the block into the heat sealer; 
support the base to minimise damage to the rails. Remove the block after sealing. 

N.B. Turn on the heat sealer a few minutes before use to allow heat sealer to heat up 

to 180°C. 

11) Thermo-cycle the sealed plate using the following cycling protocol. Ensure that the 
ramp rate is set to 2°C/sec. 

*Use a heated lid set to 105 °C and set the sample volume to 50 µl 

a. 95°C       10:00 

b. 40 cycles: 

i. 94°C   00:30 

ii. 60°C  01:00  

c. 98°C    10:00 

d. 12°C   Hold 

12) Enter the reaction information on the Quantsoft program (which is linked to the 
droplet reader).  

13) Check to make sure there is enough droplet reader oil and also that the waste 
container is not full.  

14) Place the plate into the droplet reader, insert the sample details and run. 
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Appendix H: OpenArray panel 
 
 

Title:   OpenArray Human mRNA custom (56) Panel 

Protocol #: 31 Submitted:  25/01/2016 Approved:  25/01/2016 

Category:  MB Author(s): WW, MVJ, AAH Checked by:  MVJ, AAH 

 

All plastic ware should be nuclease free.  Never stick your hands into containers of nuclease-

free plastic ware.  Always pour out whatever is required. Use of appropriate PPE is a must. 

Reagents: 

1) OpenArray 384-well sample plate (Applied Biosystems, catalog #: 4406947) 
2) Aluminium Seal (Beckman-Coulter, catalog #:  538619) 
3) OpenArray Custom Slide (Applied Biosystem, catalog #: 4470201. Note- slide is 

custom-made) 
4) OpenArray accessories kit (Applied Biosystems, catalog #:  4453975) 
5) TaqMan OpenArray real-time PCR mastermix (Applied Biosystems, 1.5 ml catalog 

#: 4462159, 5 ml 4462164) 
6) AccuFill tips (Applied Biosystems, 1 box, catalog #: 4457246, 10 boxes 4458107) 
7) Nuclease-free water (Qiagen, catalog #: 129117) 
8) Filtered pipette tips (Axygen) 
9) PCR 0.2 ml tubes (Axygen, catalog #: PCR-02-C) 

 
 

Equipment 

1) Use appropriate PPE 
2) QuantStudio™ 12K Flex Accufill System 
3) QuantStudio™ 12K Flex Real-Time PCR System 
4) Vortex mixer 
5) Centrifuge 
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Reagent Setup 

1) Download the relevant plate file (.tpf) from the website-
https://www.thermofisher.com/au/en/home/products-and-services/product-
types/download-openarray-tpf-and-spf-plate-files.html using the custom design 
*made OpenArray slide sales order, lot. and serial number. This contains the run 
information for the specific nanofluidics array slide. 

2) Take the Openarray slide (before use) from the freezer and allow it to come to 
room temperature (~15 min). 

 

Procedure 

1) Thaw cDNA samples (100 ng/µl) and 2X TaqMan® OpenArray® Real-Time PCR Master 
Mix (if using for the first time) on ice. Mix qPCR reagent mix by swirling the bottle. 

2) Mix the samples by vortexing, then centrifuge for 10 sec @ 10 000 rpm (quick spin). 

3) Prepare the PCR mix- 

a) Mix the 2X TaqMan® OpenArray® Real-Time PCR Master Mix by gently 
inverting or swirling the tube/bottle a few times. 

b) Combine the following components: 

Component Volume (µl) for 1 
area of the 384-well 
sample plate1 

Stock 
concentration 

Final 
concentration 

Units 

2X TaqMan® 
OpenArray® Real-
Time PCR Master Mix 

132.0 2 1 X 

Nuclease-free water 68.6 - - - 

Final volume of PCR 
mix 

200.6 - - - 

1 One area of a 384-well sample plate corresponds to a single TaqMan® OpenArray® 
slide. 

 
c) Mix diluted qPCR mix (1X) well by pipetting up and down. 

4) Combine prepared qPCR (1X) with cDNA. In a new PCR (0.5 ml) tube- 

a) Load 3.8 µl of prepared PCR mix (1X) (see above) into PCR tube. 
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b) Add 1.2 µl of cDNA* (100 ng/μl) into allocated (labelled) PCR tube. 

* Since 1.2 µl of 100 ng/μl cDNA is added the total amount of cDNA input (per 

this 5 µl reaction) is 120 ng. 

5) Vortex and mix well the 5 µl reaction in PCR tube and load reaction sample into the 
allocated wells of the 384-well sample plate. 

I. Each sample plate can contain up to eight slides worth of samples. However, 
the system for OpenArray can only process 4 OpenArrays in a single run. If 
more than four slides worth of samples are to be loaded on one sample plate, 
please ensure the remaining sections are sealed. Seal with OpenArray sample 
plate sealer. 

NOTE: It is advisable to pre-cut the sealer into the required sections, so the 

sections may be sealed/unsealed individually to reduce evaporation. 

Alternatively, the plate may be sealed with an intact sealer, and then sections 

can be individually cut out when loading. 

6) Seal the sample plate with aluminium seal 

7) Centrifuge sample plate for 1 minute at 2000 rpm to eliminate bubbles. Sample plate 
can only be stored on ice for 1 hour. However it is recommended to process sample 
plate immediately. 

Loading OpenArrays and performing qPCR 

8) Download (if haven’t already) the relevant plate file (.tpf) from the website- 
https://www.thermofisher.com/au/en/home/products-and-services/product-
types/download-openarray-tpf-and-spf-plate-files.html using the custom nanofluidics 
array slide sales order, lot. and serial number. This contains the run information for 
the specific nanofluidics array slide. 

9) Remove (if haven’t already) the nanofluidics array slide from the freezer and allow it 
to come to room temperature (~15 min). 

10) Ensure that the correct block, heated lid and sample carrier is installed in the 
nanofluidics array system. Turn on the computer, and real-time PCR system and the 
loading system. Access the respective software and ensure that the machines are 
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connected. Remove the loading system consumables (Array slide lid, plug and 
immersion fluid) from packaging. 

11) Gently pull on the plunger of the immersion fluid syringe to loosen. Remove cap, place 
tip on and flush air from the tip. Place the loading system tips within the machine and 
remove lid. Place sample plate within PCR system. 

12) Put gloves on. Ensure they are tightly fitting to minimize the risk of accidentally 
marking the slide lid. Carefully open slide packaging. Slowly tip slide into hand. Do not 
touch the top of the slide. 

13) Place slide into the PCR system, with the barcode on the left. Remove sealer from the 
portion of the sample plate intended for loading. Use the loading system software to 
enter the slide barcode, slide position, sample position and tip configuration. 

14) When all relevant checks are completed, press load slide. While the PCR system is 
loading the slide, remove the clear and red plastic from the bottom of the slide lid. 
When finished loading, carefully remove and seal the slide within 90 sec. 

I. Place the slide within the plate clamp. Place the slide lid onto the slide. Clamp 
for 30 sec. Ensure the lid is positioned so that barcode is correctly displayed. 
Remove the assembly from the plate clamp. 

II. Position immersion fluid syringe within the slide so that the tip is pressing 
against the lid. Slowly fill slide with immersion fluid, ensuring the fluid runs 
along the lid. Once full, seal the slide with the plug, turning the screw until the 
handle breaks off. 

III. Remove the plastic cover on the top of the slide lid, and then carefully place 
into the slide carrier of the real-time PCR system. Ensure there is support on 
the bottom of the slide as it is being lowered, so it does not drop suddenly, and 
do not touch the top of the slide. It is OK to touch the sides of the 
slide/cassette. Initialize the PCR system and start the program for qPCR within 
1 hr. 

15) Select “OpenArray” within the PCR-system software. Press “Find Slide IDs”. This will 
take a few mins. If the software cannot find the plate ID, it will ask for it to be entered 
manually. 

16) Press “Confirm Plate Centres”. Again, this will take a few mins. Check that the red dot 
is within the centre and that there are no fingerprints/marks on the top of the slide. 
Load the respective .tpf file for each slide and specify a result file name and location. 
Press “Start Run”. The program will take approximately 2 hr to complete. 

 




