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ABSTRACT 

 

BACKGROUND: Patients with prediabetes are at a high risk of developing type 2 diabetes 

(T2D) and the current strategies to prevent the progression of prediabetes to T2D are difficult to 

implement at the population level. Recently, the role of gut microbiota has emerged as a 

possible link to metabolic disease. The modulation of the gut microbiota in individuals with 

prediabetes through probiotic supplementation may improve metabolic dysfunction and induce 

remission of prediabetes to normoglycemia.  

OBJECTIVES: The primary objective of this trial is to determine the effect of 900 billion 

CFU/day of VSL#3®, a multi-strain probiotic supplement for 20 weeks, on induction of drug-free 

remission to normoglycemia (HbA1c<6.0%) in adults with prediabetes compared to placebo 20 

weeks post-randomization. 

METHODS: In a randomized, triple-blind, controlled multi-centre trial, 568 adults with 

prediabetes will undergo a 2-week run-in after which they will be randomly allocated to 20 

weeks of either 900 billion CFUs of VSL#3® per day or placebo. Prediabetes remission will be 

measured using HbA1C at week 20 and 32. Change in insulin resistance (HOMA-IR), beta-cell 

function (HOMA-B), weight, BMI, waist circumference and fecal relative abundance of bacteria 

will be measured from baseline at week 20 and 32. Exploratory regression analyses will involve 

a multiple logistic regression model to assess whether the change in relative abundance of the 

Rosburia genus from baseline at week 20 is an independent predictor of drug-free prediabetes 

remission at week 20. 

DISCUSSION: Individuals with prediabetes are at high risk of developing T2D and the induction 

of prediabetes remission would be important to patients and clinicians. The role of microbiota in 

metabolic processes presents the potential for therapeutic applications of probiotics. If 

successful, probiotics would offer a therapeutic option for reversing prediabetes to 

normoglycemia that is simple, cheap and easy to incorporate into standard clinical care.  
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CHAPTER 1: BACKGROUND AND THEORETICAL FRAMEWORK CONTENT 
 

1.1. TYPE 2 DIABETES  

 
 The International Diabetes Federation estimates that 8.8% of the global adult population 

has diabetes and this number is projected to increase to 10.4% in the next 20 years1. In 2015, 

8.9% (3.3 million) of the Canadian adult population was affected by diabetes and this is 

expected to increase by 40% in the next 10 years2.  

Type 2 diabetes (T2D) is a complex metabolic disorder that is characterized by abnormal 

glucose control resulting from defective insulin secretion, defective insulin action or a 

combination of the two3. Chronic hyperglycemia is associated with long-term microvascular 

complications affecting the eyes, kidneys and nerves, as well as an increased risk for 

cardiovascular disease (CVD)4.  The diagnostic criteria for diabetes are based on thresholds of 

glycemia that are associated with retinopathy5. Rates of microvascular complications are 

reduced in individuals who are treated with pharmacological interventions that lower blood 

glucose levels4. Canadian diabetes practice guidelines classify the diagnostic criteria of T2D as 

either a fasting plasma glucose (FPG) of >7.0 mmol/L, a 2-hour postprandial glucose (2hrPG) of 

>11.1 mmol/L (from a 75g oral glucose tolerance test),a random plasma glucose of >11.1 

mmol/L or a glycated hemoglobin A1c (HbA1c) of >6.5%6. 

 There are a variety of pharmacological therapies dedicated to diabetes, however 

glycemic control remains a challenging hurdle for many patients. Patients endure personal and 

financial burdens associated with polypharmacy, daily blood glucose testing, and complications 

of diabetes. Enormous burdens are also placed on health care systems. In 2010, diabetes-

related costs in Canada were $11.7 billion and these costs are projected to exceed $16 billion 

by 2020 which would threaten the sustainability of the healthcare system5. Although this is 

daunting, a 2% decrease in prevalence rates would reduce direct healthcare costs by 9%5. Due 

to the non-relenting increase in T2D prevalence, the World Health Organization’s Report on 
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Diabetes (2016) urges that research and treatment efforts focus on diabetes prevention7.  It is 

especially imperative to focus on people at highest risk of developing diabetes, notably 

individuals with prediabetes.  

 Prediabetes is a term referring to impaired fasting glucose (IFG) defined as a FPG of 

6.1-6.9 mmol/L, impaired glucose tolerance (IGT) defined as a 2hrPG of 7.8-11.0 mmol/L, or 

both6.   A HbA1c of 6.0% to 6.4% is also indicative of prediabetes6.  Prediabetes places 

individuals at high risk of developing diabetes and its complications especially if both IFG and 

IGT are present3. A recent meta-analysis revealed individuals with various presentations of 

dysglycemia have a 5-10 time greater likelihood of developing T2D within one year when 

compared to individuals with normal glucose tolerance (NGT), and that individuals with both IFG 

and IGT are approximately 12 times more likely to develop T2D within that time frame compared 

to those with NGT8. 

 The annual incidence of progression of IGT to diabetes is approximately 4-6%, 6-9% for 

IFG and 15-19% for both IGT and IFG8. In 2015, the global prevalence of IGT was estimated to 

be approximately 7% of the population, ranging up to 14% in North America, while prediabetes 

prevalence was estimated to be as high as 15% in Canada9. Prediabetes is not simply a 

warning-system signaling that T2D is  imminent, rather it has been associated with 

microvascular complications such as chronic kidney disease10. A recent meta-analysis also 

highlighted the positive association of prediabetes with coronary heart disease11.  

 Metabolic syndrome is another common risk factor for T2D6,12. It is thought to develop 

from a pro-inflammatory state and indicates insulin resistance as a major underlying 

component12. Metabolic syndrome is characterized by the presence of at least three of the 

following metabolic abnormalities: i) abdominal obesity as indicated by waist circumference 

measurements  ii) elevated triglycerides (TG) or drug treatment to reduce TG  iii) reduced high-

density lipoprotein (HDL) or drug treatment to reduce HDL iv) hypertension and v) IFG or drug 

treatment for hyperglycemia12. Individuals with metabolic syndrome are at a 5 time higher risk of 
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developing T2D6,12. Weight reduction and increased physical activity are the primary 

recommended interventions that address all 5 criteria of metabolic syndrome and may ultimately 

prevent the development of T2D12.   

1.1.1. Type 2 Diabetes Prevention 
   

Substantial evidence exists that demonstrates the possible prevention or delay of the 

development of T2D. Strategies that have been proven effective mainly pertain to lifestyle 

modification and pharmacological interventions1,13–28.  Results from the American Diabetes 

Prevention Program (DPP) trial showed that an intensive lifestyle intervention which involved 

weight loss and exercise reduced the incidence of T2D in those with IFG and IGT by 58% when 

compared to placebo, more than with metformin when compared to placebo (31%)23.   Follow-

up studies revealed that 10 years after the trial, diabetes incidence continued to be lower in 

participants from the lifestyle intervention group when compared to the metformin group and the 

placebo group29. The majority of successful lifestyle interventions require that participants either 

reduce caloric intake, achieve >150 minutes of moderate intensity physical activity per week or 

both. Most interventions had the goal of a 5 -7% reduction of baseline weight23–28. Current 

diabetes prevention recommendations are centered on findings of such trials and include two 

options. The first focuses on lifestyle modification and encourages a structured program that 

consists of regular physical activity and moderate weight loss (5-7% of body weight)30. The 

other recommendation is the initiation of metformin in individuals with IGT30. Although these 

recommendations have produced significant results within the confines of randomized trials, 

their implementation in the real world, specifically those involving lifestyle modifications, is 

challenging. To begin with, the trials that implemented these lifestyle changes did so using a 

comprehensive, structured program that involved guidance from a healthcare team. It is 

recognized that the best results are achieved when a multi-disciplinary team of physicians and 

allied health professionals such as dietitians, kinesiologists and behavioral therapists are 
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involved in helping individuals meet their weight loss and physical activity goals31. It is 

challenging for individuals to achieve weight loss and physical activity goals without some 

guidance or assistance from a professional. Indeed, the role of standard behavioral approaches 

and cognitive behaviour therapy (CBT) in weight loss and physical activity has become 

increasingly important. Studies show that participants who receive CBT along with dietary 

advice lose more weight and keep it off longer than those who received only dietary 

guidance32,33. Furthermore, the application of behavior therapy significantly increases the 

amount of physical activity of participants compared with usual care34,35. Implementing this type 

of program on a population level is difficult. What is required is a simple, cost-effective and 

accessible intervention that can target the underlying pathophysiology that contributes to the 

development of T2D.  

1.1.2. Pathophysiology of Type 2 Diabetes 
 

 Type 2 diabetes is preceded by changes in metabolic processes such as insulin 

secretion and sensitivity, resulting in elevated fasting and post-prandial glucose levels36. These 

changes can begin up to 6 years or more prior to the development of T2D36. Abnormal beta-cell 

function and beta-cell loss is a key feature of T2D37. The pancreatic beta-cell is a vital 

component of glucose control as it is responsible for releasing regulatory hormones such as 

insulin in response to rising plasma glucose levels38. The secretion of insulin is stimulated by a 

group of hormones known as incretins39. Incretins such as glucagon-like peptide 1 (GLP-1) and 

glucose-dependent insulinotropic peptide (GIP) are secreted by the small intestine and colon in 

response to the meal ingested39.  In healthy individuals, incretins are estimated to account for as 

much as 70% of the insulin secreted in response to a meal40.  Recent evidence determined the 

presence of incretin system abnormalities within the realm of diabetes.  Individuals with T2D 

have reduced sensitivity to the insulinotropic effects of GIP for unknown reasons41.  Apart from 

stimulating glucose-dependent insulin secretion, GLP-1 helps to preserve insulin stores by 
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activating glucose-stimulated insulin gene transcription and production as well as decreasing 

the secretion of glucagon by the pancreas40.  Incretins, particularly GLP-1, have additional 

beneficial effects including delaying gastric emptying which slows the digestion of 

carbohydrates, slowing the rate of glucose absorption into the blood stream after meals39.  In 

addition, GLP-1 suppresses appetite, energy intake and contributes to weight control in patients 

with T2D42.  Evidence from animal studies has shown that GLP-1 may contribute to beta-cell 

regeneration and survival43,44.  Moreover some evidence also suggests that GLP-1 suppresses 

hepatic glucose production and increases glycogen stores and glucose uptake by muscle as 

well as regulates fat metabolism in adipocytes40. The ensuing reduction in hyperglycemia results 

in diminished burden on the beta-cell which in turn relieves beta-cell stress and dysfunction38.  

The gut is believed to play a central role in the development of T2D, through mechanisms 

related to inflammation, hormone production, and intestinal permeability45.  A bidirectional 

relationship exists between the gastrointestinal tract and diabetes.  Diabetes affects 

gastrointestinal morphology and function and emerging data highlights that intestinal 

permeability (IP) may precede the development of T2D45.  Increased IP may induce 

inflammatory responses which may contribute to the development of insulin resistance, 

impacting the uptake of glucose into target tissues46.  Low-grade inflammation is a common 

feature of T2D and is characterized by a two to threefold increase in systemic plasma 

concentrations of cytokines47.  An increase in cytokines such as interleukins and TNF-α is 

observed in T2D, both of which are known to induce insulin resistance46.  Interestingly, it has 

been demonstrated that with insulin-resistance, there is translocation of intestinal bacteria to the 

adipose tissue and bloodstream, where the bacteria can then induce further inflammation48. This 

translocation can be reversed by treatment with probiotic bacterial strains, thereby improving 

overall inflammatory status48. The role of the gut bacteria in the development of metabolic 

disease has become increasingly evident over the past decade49,50. 
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1.2. GUT MICROBIOTA 
 

 It is estimated that the human adult gut contains anywhere from 10 to 100 trillion 

microorganisms spanning more than 1000 different species51. The genetic material of the 

microbiota exceeds the magnitude of the human genome by over 100 times52. The combined 

genetic material of the microbiota is collectively known as the microbiome52. The microbiota and 

its microbiome provide the human host with additional gene products that are lacking in humans 

and these products serve a multitude of functions which contribute to overall homeostasis 

including gut-level defense against pathogens, immunity-related metabolites and signals, the 

development of intestinal microvilli and the synthesis of certain vitamins52–54. The vastness, 

complexity, and multiple functions of the microbiome has resulted in it often being regarded as 

an organ52,53.  The microbiome is a diverse entity that begins to develop at the time of birth 

through colonization by the mother and environment55.  Within a number of years, the 

microbiome establishes itself and remains relatively stable in healthy adults51,55.  Healthy 

individuals have a microbiome unique to themselves, shaped by their genotype, diet, age and 

sex52.  External stressors such as dietary changes, antibiotics and bacterial infections can 

temporarily influence the composition of the microbiome51,55.  Diet-induced changes in gut 

microbiota have been found to occur within a relatively short time frame of three to four days, 

however these changes are easily reversed if the diet is not maintained, depending on the 

host’s initial microbiome composition56.  Although there is marked inter-individual diversity in 

microbial composition in humans, most gut bacteria belong to one of three dominant microbial 

phyla: Firmicutes, Bacteroidetes or Proteobacteria57–59.  One of the essential functions of each 

of these phyla include the production of short-chain fatty acids (SCFAs)52.  The production of 

SCFAs is one of the many ways microbiota contribute to human health. Other known functions 

include digestive and metabolic processes, maintenance of epithelial integrity and anti-oxidant 

production53.  There are a number of proposed pathways through which microbiota are 
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implicated in the development of metabolic disorders including T2D which will be described 

below. 

1.2.1. Microbial Metabolites and Host Metabolism 
 

 Intestinal microbes ferment dietary carbohydrates that humans are not capable of 

digesting such as oligo- or polysaccarhides6,7.  The fermentation process results in the 

production of SCFAs, most dominantly acetate, butyrate and propionate60,61.  Propionate can be 

used as a source of energy for the host and is involved in de novo glucose and lipid synthesis62.  

SCFAs are involved in energy homeostasis and are able to modify the levels of several gut 

peptides involved in glucose metabolism and gut barrier function63.  Studies have suggested 

that SCFAs may influence metabolism via G protein-coupled receptors62,64. The binding of 

SCFAs to these receptors increases plasma levels of GLP-1 and of a hormone related to satiety 

called peptide YY (PYY)62,64.  PYY also reinforces insulin action in muscle and adipose tissue, 

leading to improved glucose homeostasis and decreased appetite62,64.  Moreover, the 

production of indole, a microbiota metabolite produced from tryptophan may also contribute to 

the secretion of GLP-1 by intestinal enteroendocrine cells65.  Gut microbes also produce 

secondary bile acids such as lithocholic and deoxycholic acids which activate a G protein-

coupled receptor that has been associated with improved glucose tolerance by regulating GLP-

1 production in mice66. The effects of some SCFAs are also mediated via gene expression. For 

instance in animals, butyrate and propionate activate the expression of genes that are involved 

in intestinal gluconeogenesis67. The resulting release of glucose into the portal vein contributes 

to a reduction in hepatic gluconeogenesis and overall regulation of glycemia67.  

1.2.2. Gut Permeability and Metabolic Endotoxemia 
 

 Lipopolysaccharide (LPS), a known as a bacterial endotoxin, is a glycolipid molecule that 

is found in the walls of gram negative bacteria and is released into the gut during bacterial 

lysis68. ‘Leaky gut’ or increased gut permeability results in transportation of LPS through the 

intestinal epithelium which in turn results in high levels of circulating LPS, a state termed 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 15 of 91 
 

metabolic endotoxemia (ME). LPS then reaches target tissues where it binds to receptors on 

immune cells, triggering an inflammatory response and potentially leading to chronic 

inflammation and ultimately insulin resistance48, 68.   High levels of LPS have been associated 

with high-fat diets (HFDs) and HFDs have been shown to increase intestinal permeability, 

promoting intestinal translocation of LPS through the intestinal wall69,70. It was  demonstrated 

that changes in the gut microbiota are responsible for endotoxemia and the resulting 

inflammatory response in HFD-fed mice69. Studies have found that HFDs induce changes in the 

gut microbiome, favoring the colonization of gram negative bacteria, and that obese individuals 

present with increased variety of LPS-producing bacteria71. Furthermore LPS levels have been 

found to be strongly correlated with metabolic syndrome features and a significant increase in 

LPS was found in individuals with T2D and in those with impaired glucose tolerance68,72,73.    

LPS levels in non-diabetic individuals have been found to be significantly associated with fasting 

insulin even when age, sex and BMI were controlled for72.  This further suggests that LPS may 

act as a gut microbiota-related factor involved in the development of T2D and obesity in 

humans.  

 Colonization of the intestine with Bifidobacteria spp, a gram positive microbe, has been 

shown to reduce gut endotoxemia in mice74.  A number of studies have demonstrated that an 

increase in Bifidobacteria spp colonization was associated with an increase in GLP-1 and GLP-

2 which are involved in modulation of IP75,76.  Higher endogenous GLP-2 was found to improve 

gut barrier function, leading to reduced LPS translocation and a reduced inflammatory 

response77.  SCFAs also play a role in gut barrier function. For instance, butyrate has trophic 

effects on the mucosa as well as anti-inflammatory properties46,78. These findings strongly 

suggest that microbiota-derived products play a role in metabolic functions and homeostasis. 
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1.3. MICROBIOTA AND METABOLIC DISEASE 

 
 Recent evidence revealed that alterations in the microbiome (dysbiosis) are associated 

with diseases such as metabolic syndrome, obesity and diabetes50,62,79,80.  Metagenomics data 

revealed that people with T2D exhibit a moderate degree of microbial dysbiosis.   It has also 

been reported that adults with T2D have significantly lower counts of Firmicutes and a higher 

proportion of gram-negative bacteria belonging to the phyla Bacteroidetes and Proteobacteria80. 

The same study also found that the ratio of Bacteroidetes to Firmicutes was significantly and 

positively correlated with decreasing glucose tolerance80. These findings are in agreement with 

evidence of microbiome alterations in overweight and obese individuals62. The Lactobacillus 

group, specifically L. gasseri, was also significantly higher in the diabetes population and was 

positively correlated with fasting plasma glucose and HbA1c levels79, 80.  L. gasseri has been 

proven to have pro-inflammatory properties which may be contributing to the underlying chronic 

inflammation in diabetes81. Clostridium clostridioforme (representing three opportunistic 

pathogens) was significantly higher in T2D whereas Roseburia, a butyrate-producing bacteria, 

was significantly diminished79,82. Interestingly, fecal transplants from lean donors to recipients 

with metabolic syndrome resulted in an increase in Roseburia and butyrate levels, as well as 

improved insulin sensitivity83. A summary of the changes in microbial profiles with the 

development of T2D is provided in Appendix 1.  

 Metagenomics studies such as the ones mentioned above spurred observational studies 

that aimed to assess whether microbial genetic markers from blood samples can be used to 

predict or assess risk of metabolic disease development. The blood of non-obese, non-diabetic 

participants was tested for 16S rDNA (a bacterial gene and marker of the overall microbiota) at 

baseline and again after 9 years84. The 16S rDNA concentration was higher in individuals who 

developed diabetes and was a significant predictor of the onset of diabetes after adjustments 

were made for sex, baseline age, family history of T2D, hypertension, waist circumference, BMI, 

smoking status and FPG84. The 16S rDNA was sequenced to identify the phyla of bacteria 
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present and the results revealed that 80-90% of the phyla was that of Proteobacteria, a major 

group of bacteria that includes a wide variety of pathogens84,85. These findings further support 

the association between compositional and functional alterations in the gut microbiome and the 

development of T2D.  

1.4. DIETARY MODULATION OF GUT MICROBIOTA AND METABOLIC 
CONSEQUENCES 

 
 Modification of the gut microbiome composition via dietary or pharmacological 

interventions may confer beneficial changes to the host’s metabolism. However, there is 

uncertainty in whether these changes depend on the host’s pre-existing gut microbiome 

composition, the host’s phenotype, or the mode and combination of bacterial strains 

administered52. Furthermore, the mechanisms that are implicated in providing metabolic benefits 

remain unclear52. Although animal studies may lend to this knowledge, extending observations 

from such trials to humans may not be entirely appropriate52. Some small randomized control 

trials using dietary interventions to manipulate gut microbiota composition have been able to link 

the intervention to beneficial phenotypic changes, however, most studies did not assess 

simultaneous quantitative and qualitative changes in gut microbiota59.  

 One of the ways that the gut microbiota may be altered is through probiotics. The joint 

report by the Food and Agriculture Organization and the World Health Organization (2001) 

accepts the definition of probiotics as  “live micro-organisms, which when consumed in 

adequate amounts, confer a health effect on the host” 86. More recent definitions have been 

expanded to specify that the health benefits are a result of changes in the gut microbiota that 

are both transient and that diminish gradually with time after cessation of consumption87.  There 

are certain characteristics which must be met when classifying a bacterial strain as a probiotic: i) 

the strain must reach the target site of action alive and must survive the physiological stressors 

encountered from the point of ingestion, stomach acid and biliary salts; ii) its beneficial effect in 

the host must be evident iii) it must not pose any risk for the host and iv) it must remain viable 
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during manufacturing and incorporation into an ingestible form86. Once these conditions have 

been met, the probiotic strain is classified by the genus, species and an alphanumeric 

designation54.  

 Other methods of altering the microbiome that have been trialed include prebiotics. 

Prebiotics are fermentable dietary components that result in selective changes in the 

composition and/or activity of the gut microbiota which confer benefits to the host88. The majority 

of experimental and clinical trials on prebiotic effects have been conducted using ingredients 

from two chemical groups: inulin-type fructans (ITF) and the galacto-oligosaccharides (GOS)88. 

These have been demonstrated to have the capacity to selectively stimulate the growth of 

bifidobacteria and in some cases lactobacilli, which leads to a significant change in gut 

microbiota composition and a reduction of the metabolic activity of potentially harmful bacteria88. 

The main substrates for bacterial growth are dietary non-digestible carbohydrates that elude 

upper intestinal hydrolysis and absorption89. Non-digestible carbohydrates are comprised of 

resistant starch and resistant dextrins, non-starch polysaccarhides (such as pectins, 

arabinogalactans, gum Arabic, guar gum and hemicellulose), non-digestible oligosaccharides 

(such as raffinose, stachyose, ITF, galactans and mannans) as well as undigested portions of 

disaccharides (e.g. lactose) and sugar alcohols (such as lactitol and isomalt)89.  

 The amalgamation of probiotics with prebiotics is known as synbiotics and is 

administered so that the selectivity of the prebiotic favors the combined probiotic90. The 

synergistic combination of the pre and probiotic together is thought to enhance the efficacy of 

the individual components90. However, the selection of the appropriate prebiotic to combine with 

the probiotic is a critical process in the formation of the synbiotic product90. The prebiotic choice 

should improve the probiotic’s survival and implantation in the gut by selectively stimulating 

and/or activating metabolic functions of one or more bacterial strains91.  Prebiotics, whether 

used alone or in combination with probiotics have been associated with abdominal discomfort, 

specifically bloating, distention and significant amounts of flatulence92.    
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1.5. PROBIOTICS AND GLYCEMIC OUTCOMES  
 

 A number of clinical trials have tested the impact of probiotics on various glycemic 

measures such as plasma glucose, HbA1c, plasma insulin and insulin resistance in healthy 

individuals, those with metabolic syndrome, pre-diabetes and T2D93–98. These trials yielded 

inconsistent results.   A trial that administered L. acidophilus La-5 and B. animalis subsp. lactis 

BB-12 to 45 patients with T2D resulted in a statistically significant difference in HbA1c between 

groups, with the probiotic group having an average HbA1c that was lower by 0.78% compared 

to the placebo group (p=0.02)99. Another trial using the same strains in individuals with T2D 

observed a significant decrease in FPG by an average of 0.70 mmol/L in the probiotic group 

compared to the control group (p<0.05)94. HbA1c levels post-treatment were also significantly 

different between the groups with the placebo group having an HbA1c that was on average 

higher by 0.42% (p<0.05)94. In a study that had males with NGT, IGT and T2D, a 4 week 

treatment of L .acidophilus NCFM preserved insulin sensitivity compared to placebo100.   

 A meta-analysis of 11 trials that included populations with T2D, prediabetes and NGT 

concluded that probiotics are effective in reducing FPG,  HbA1c and insulin resistance in those 

with T2D101. However, only one of the 11 trials included participants with prediabetes. Very few 

trials exist that have studied the efficacy of probiotics in participants with prediabetes or 

metabolic syndrome. A trial that tested the effect of Lactobacillus gasseri BNR17 capsules on 

glycemic outcomes in overweight and obese adults with FPG>5.5 mmol/L did not find significant 

differences between the probiotic and placebo group in FPG, HbA1c, or plasma insulin after 12 

weeks, however, the study was powered to detect changes in body weight, not glycemic 

outcomes102.  Another trial tested the effect of kefir containing lactic acid bacteria in participants 

with prediabetes and T2D and compared glycemic outcomes to a control group on a ‘standard 

diet’98. The analysis was not stratified based on diabetes status but the results demonstrated a 

significant reduction in FPG in the probiotic group compared to the control group ( -1.89 mmol/L 

vs.-0.16 mmol/L respectively, p=0.015) 98. The probiotic group also showed a significant 
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reduction in HbA1c compared to the control group (-0.13% vs. 0.001% respectively, p=0.001). 

These results are to be interpreted with caution as there are evident methodological limitations 

that were not addressed by the authors. These included lack of randomization, blinding and a 

description of the control group’s ‘standard diet’. Furthermore, statistical analysis methods are 

not presented in the report98.  A pilot trial testing the impact of Lactobacillus casei Shirota 

supplements on inflammatory markers in participants with metabolic syndrome found no 

significant changes in insulin resistance103. However, the authors highlight a number of 

limitations of the trial including the fact that the study is a pilot and is thus likely underpowered. 

They also questioned whether the probiotic concentration (108 CFU/ml) and the intervention 

duration (12 weeks) were adequate, and address the lack of placebo for the control group103. 

Additional trials have been summarized in Appendix 2.  

 Trials investigating the effect of prebiotics on glucose homeostasis have also generated 

inconsistent results. The administration of 20g of short-chain fructans for 4 weeks in a healthy 

population resulted in a decrease in hepatic glucose production but had no effect on insulin-

stimulated glucose metabolism104. When the same intervention was tested in individuals with 

T2D, no effect was observed on glucose homeostasis105. However, another study in healthy 

subjects found that prebiotic administration with the evening meal improved glucose response 

after the breakfast meal the following day, increased GLP-1 production and reduced 

inflammatory cytokines106. Similarly, supplementation with inulin-type fructans in 

hypercholesterolemic participants increased GLP-1 production and decreased 2hrPG response 

after the breakfast meal while another trial in a similar population observed a decrease in 2-hour 

post-prandial insulin response64,107. A systematic review and meta-analysis of the effects of 

prebiotics on glycemic indices found that prebiotics did not reduce fasting glucose or insulin, 

however, only 2 of the 8 trials included participants with diabetes. The remaining trials had a 

heterogeneous population of individuals with excess weight, obesity, or obesity with other 

comorbidities108.   The same review found that synbiotics significantly reduced fasting insulin in 
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obese individuals with non-alcoholic fatty liver disease based on results from 2 trials, however, 

no significant reduction in FPG was seen in those trials as well as 2 others that involved 

individuals with diabetes108.   

 The inconsistencies in findings of all these trials are likely due to the heterogeneity of the 

probiotic strains, prebiotic choice, intervention form, duration and study population. Most trials 

were relatively small in size (less than 50 participants), short in duration (30 days to 12 weeks), 

and were not powered to detect changes in glycemic outcomes. Probiotic viability was seldom 

assessed in most trials and only a select few analyzed fecal samples for changes in bacterial 

gene markers.   

  

 Large, well designed, long- term trials are needed to accurately assess the impact of  

probiotics on glycemic control and their potential role in preventing the progression of 

prediabetes to T2D.  An ideal design would be a multi-centre randomized placebo-controlled 

trial that implements blinding of participants, research staff and trial investigators. This proposed 

trial aims to investigate whether the administration of probiotics improves metabolic 

homeostasis in individuals with prediabetes, resulting in remission to normoglycemia. Careful 

consideration of the literature was undertaken when selecting our trial intervention. The 

intervention strain, form and duration are described in detail below.  

1.6. TRIAL INTERVENTION  
 

1.6.1. Probiotic Strain Selection 
 

   One of the biggest challenges with probiotic research and use is the selection of an 

appropriate strain(s). The reason being is the fact that there are many different strains of 

microorganisms with diverse and overlapping functions. Although some strains have been 

associated with certain health benefits, the mechanisms involved remain uncertain. 

Furthermore, the use of one versus a combination of multiple strains is another important point 
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for consideration.  A subgroup analysis of a systematic review of the effect of probiotics on 

glycemic indices revealed that interventions with multiple species of probiotics resulted in a 

more pronounced reduction in FPG compared to single species109. The analysis of another 

systematic review also demonstrated that mixed strains resulted in significant reductions in 

HbA1c and insulin in comparison to single strains101. VSL#3® is a multi-species probiotic 

product that has been mostly used and tested in gastrointestinal disorders, however its 

promising results are more recently being investigated in other conditions including metabolic 

diseases.  In a study with HFD-fed mice, 8 weeks of VSL#3® resulted in a significant reduction 

in FPG, 2hrPG and suppressed hyperinsulinemia110.  Furthermore, VSL#3®  improved 

metabolic function by reducing plasma insulin, triglycerides, free fatty acids, and increased 

levels of adiponectin (a protein involved in glucose regulation)110. It also improved the 

inflammatory response and hepatic steatosis compared to placebo110. Further findings indicated 

that VSL#3® protected against HFD-induced diabetes and obesity, reduced food intake and 

reversed obesity and diabetes in diet-induced obese mice and leptin-deficient mice110. These 

results are believed to have been elicited by the significant increase in butyrate and GLP-1 

which were positively correlated in the VSL#3® group110. Another study in a mouse model of 

dyslipidemia and intestinal inflammation demonstrated significant improvements in plasma 

insulin, insulin signaling and insulin resistance111.  VSL#3®  also resulted in improved epithelial 

integrity and a reduction in mucosal and adipose levels of inflammatory markers such as 

TNFα111. 

 A clinical trial testing the effect of 6 weeks of VSL#3®  supplementation on inflammatory 

and glycemic indices in obese adults found significant reductions in FPG, insulin and insulin 

resistance when compared to placebo112. Interestingly, fecal analysis of insulin resistant 

individuals at baseline revealed lower Lactobacilli, Bifidobacteria, Streptococcus and higher E. 

coli and Bacteroides10. Following probiotic treatment, fecal microbial profiles demonstrated a 

significant increase in concentrations of Lactobacillus, Bifidobacteria, and Streptococcus10.  
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 VSL#3®  was also tested in women with gestational diabetes and after 8 weeks of 

supplementation, plasma insulin, insulin resistance and inflammatory cytokines (IL-6, hs-CRP 

and TNF) were signficiantly lower in the probiotic group compared to the control group113.  

These results along with others make VSL#3® a promising agent that may induce microbial and 

metabolic changes and that can ultimately alter glucose homeostasis. Its standardized 

production ensures quality control and its ease of use make it an optimal choice for our study 

intervention. 

1.6.2. Probiotic Form and Concentration 
 

 The most common form of probiotics are dairy products, fermented foods and capsule 

supplements. The fermented foods include fermented milk (e.g. yogurt, buttermilk, kefir), 

fermented (pickled) vegetables (e.g. sauerkraut, cabbage kimchee, pickled ginger), fermented 

bean paste (e.g. miso, tempeh) and other fermented foods and beverages86. Other forms 

include capsules and sachets containing freeze-dried probiotics54. The role of the vehicle/filler 

substances used to deliver the probiotic must be considered since some effects may not be 

reproduced using different vehicles or fillers due to reduced viability of the strain54. Subgroup 

analysis from two systematic reviews of the effect of probiotics on glycemic measures showed 

that probiotics in the form of supplements resulted in a greater reduction in FPG and insulin 

compared to fermented milk and yogurt109,101. This is likely due to the fact that not all organisms 

survive in milk products or withstand a long shelf-life114.  

 The concentration or dose of probiotic varies greatly depending on the strain and 

product54. Results of a systematic review of trials testing different probiotics in adults with 

diabetes showed that a daily dose of probiotic supplementation of ≥10 billion CFU/day resulted 

in a greater reduction in FPG compared to doses that were <10 billion CFU/day; however, the 

reduction observed was not statistically significant109.  A small 4-week clinical trial testing 900 

billion CFU/day of VSL#3®  in adults on a high-fat diet found no statistically significant change in 
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FPG, fasting insulin, or insulin sensitivity compared to the control group115.  

 VSL#3®  is available in sachets, each of which contains 450 billion CFU’s116.  Although 

the maximum daily number of sachets is not specified, 1 to 2 sachets per day is suggested by 

the manufacturers116. We chose 2 sachets (900 billion CFU/day) for our intervention to minimize 

the risk of missing an effect due to inadequate probiotic dose. 

 

 This trial will investigate the effects of a commercially available multi-strain, high-

concentration probiotic on induction of normoglycemia in adults diagnosed with 

prediabetes.  The subsequent chapters will present in detail the trial protocol, methodological 

considerations, and the associated strengths and limitations of the proposed study. Implications 

of potential study findings and future research directions are also discussed in the final chapter.  
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CHAPTER 2: STUDY PROTOCOL 

2.1. RESEARCH QUESTION, HYPOTHESIS AND STUDY OBJECTIVES 

 

2.1.1. Primary Research Question  
 

 In adults with prediabetes, will 900 billion CFU/day of VSL#3® probiotic supplementation 

for 20 weeks result in a significantly higher proportion of remission to drug-free normoglycemia 

as defined by a HbA1c<6.0%  20 weeks after randomization in comparison to those taking 

placebo?  

2.1.2. Hypothesis 
 

 We hypothesize that 900 billion CFU/day of VSL#3® probiotic supplementation for 20 

weeks will result in a higher proportion of patients undergoing prediabetes remission to 

normoglycemia compared to placebo 20 weeks post-randomization.   

2.1.3. Primary Objective 
 

 The primary objective of this trial is to determine the effect of 900 billion CFU/day of 

VSL#3® supplementation for 20 weeks on induction of drug-free remission to normoglycemia 

(HbA1c<6.0%) in adults with prediabetes compared to placebo.   

2.1.4. Secondary Objectives 
 

The secondary objectives are to:  

i) assess the sustainability of drug-free prediabetes remission in all participants12 weeks 

after discontinuation of the study intervention, at week 32;   

ii) assess the effects of VSL#3® on the proportion of individuals who progress to T2D at 

any point in time throughout the trial, at week 20 and 32;   

iii) determine the effects of VSL#3® on insulin resistance and beta-cell function as 

denoted by HOMA-IR and HOMA-B respectively in all participants at week 20 and 32;  
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iv) assess the effects of VSL#3® on anthropometric indices such as weight, waist 

circumference and BMI in all participants at week 20 and 32; 

 v) assess the effects of VSL#3® on gut microbiota via fecal analysis and to investigate 

whether any changes from baseline at week 20 in relative abundance of bacterial and archaeal 

phyla, classes and genera may be associated with changes in glucose homeostasis. Fecal 

analysis will be exploratory in nature and hypothesis-generating; 

 vi) assess the safety and tolerability of this particular probiotic supplement.  

2.2. RECRUITMENT, RANDOMIZATION AND BLINDING 

 
 This study will be a multi-centre, parallel-group, two-arm, triple-blinded randomized 

placebo-controlled trial with a 1:1 allocation ratio and a 2-week run-in period, testing the effect of 

probiotic supplementation on inducing drug-free normoglycemia in adults with prediabetes.  

2.2.1. Recruitment 
 

 A total of 568 participants will be recruited from 19 sites consisting of outpatient 

endocrinology clinics, diabetes education centres, and primary care clinics across Canada. We 

anticipate a recruitment rate of 1 participant per month from each site over a period of 30 

months. Additional study sites may be added if recruitment targets are not being met. The trial 

will be advertised through posters in waiting rooms as well as through various outlets such as 

Diabetes Canada (formally Canadian Diabetes Association). Potentially eligible subjects will be 

approached and introduced to the study by the research nurse or coordinator after the patient’s 

permission is obtained from their diabetes care provider. Patients can also self-refer by 

contacting the study coordinator directly. If a patient is interested in participating they must 

provide voluntary written consent prior to being screened for eligibility.    
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2.2.2. Randomization and Allocation Concealment  
 

 Eligible participants who have provided voluntary and informed consent will be 

randomized to either the treatment group or the control group in a fixed 1:1 ratio.  The 

randomization schedule will be prepared by an independent statistician and will be stratified by 

study centre. To avoid an imbalance in the number of participants assigned to each group, 

random block sizes will be used when creating a randomization schedule for each study centre. 

Group allocation will be done using an online computer program that utilizes a randomization 

algorithm and provides a treatment assignment number which will be linked to the pre-packaged 

sachets. The assignment numbers will be four random digits that will prevent identification of the 

contents.  The probiotic supplier will number the sachet packages according to the 

randomization schedule prepared by the statistician. The package numbering will be performed 

distant from any enrolling site. 

 Randomization will take place during the last study visit of the 2-week run-in period or 

within a 1-week window after the run-in period is completed to avoid subject withdrawals or 

change in underlying disease status.  Participants incorrectly enrolled and randomized in the 

study will be followed until the end of the study and they will remain in the group they were 

randomized to. 

2.2.3. Blinding  
 

 Study staff who will be enrolling participants and collecting the data (coordinators and 

assistants), the investigators, the study statistician, and the participants will be blinded to 

treatment group allocation.  Code breaking will be done if necessary for participants who may 

present, for example, with an acute gastrointestinal illness and require management in hospital. 

2.3. ELIGIBILITY CRITERIA  

 
Eligible participants will include adults between the ages of 18-70 diagnosed with 

prediabetes within the previous 5 years as defined by the Diabetes Canada guidelines3 (Table 
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1). The diagnosis will be confirmed at screening using an HbA1C blood test.  

 Individuals on any pharmacological treatment for prediabetes will not be eligible to 

participate. Patients who have type 1 or type 2 diabetes and those with a history of anti-

hyperglycemic agent use within 3 months prior to screening will not be eligible for participation. 

Individuals with conditions that may influence glucose metabolism such as: hepatic disease, 

pancreatic disease such as current acute or chronic pancreatitis, and pancreatic cancer are 

excluded from participation in the study. The use of medications that may cause glucose 

intolerance such as chronic steroids will deem an individual as ineligible.  Individuals with 

significant and chronic gastrointestinal disease (e.g., irritable bowel syndrome, inflammatory 

bowel disease, ulcerative colitis and celiac disease) will be excluded117.   

 Additional exclusion criteria include acute thyroid disease, a history of or planned 

bariatric surgery within the next 8 months and use of antibiotics or immunosuppressive 

medication within 30 days prior to randomization. 

 Frequent antibiotic use, defined as the completion of more than 3 courses of antibiotics 

within the past 12 months, will make an individual ineligible for participation.  

 Individuals who are had been using probiotics, prebiotics or synbiotics within 3 months 

prior to screening will be asked to discontinue their use for 3 months then return for screening.  

 Disorders that may significantly influence HbA1c levels such as severe renal disease (as 

defined by a an estimated glomerular filtration rate (eGFR) of <30 mL/min/1.73m2 (measured 

using the “Modification of Diet in Renal Disease” equation118), or history of iron deficiency 

anemia and hemoglobinopathies will make individuals ineligible to participate.  

 Probiotics pose safety risks in immunocompromised individuals as well as in women 

who are pregnant or breast feeding119. Therefore such individuals including women who are 

planning to become pregnant within the next 8 months will not be eligible to participate.  

 Individuals with current or a history of alcohol abuse (>14 standard drinks/week for men, 

>7 standard drinks/week for women120) or drug abuse will not be eligible to participate. Anyone 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 29 of 91 
 

with a disease that is expected to reduce life expectancy to less than 3 years will be excluded 

from participation in the study.  

 All potentially eligible individuals must be willing and able to give voluntary informed 

consent. Inclusion and exclusion criteria are summarized in Table 2.  

 

Table 1: Diabetes Canada Prediabetes Diagnostic Criteria6 

Test Result Prediabetes category 

FPG (mmol/L) 6.1–6.9 IFG 

2hPG in a 75 g OGTT (mmol/L) 7.8–11.0 IGT 

HbA1C (%) 6.0–6.4 Prediabetes 

2hPG, 2-hour plasma glucose; A1C, glycated hemoglobin; FPG, fasting plasma glucose; IFG, 
impaired fasting glucose; IGT, impaired glucose tolerance; OGTT, oral glucose tolerance test. 
 
 
Table 2: Inclusion and Exclusion Criteria 
 
Inclusion Criteria: 

- Prediabetes as defined by a HbA1c of 6.0-6.4% and diagnosed within the previous 
5 years 

- 18-70 years of age 
- Males/Females 
- All ethnicities 
- Willing and able to give voluntary informed consent 

Exclusion Criteria 

- Use of anti-hyperglycemic medication within the past 3 months 
- Currently have type 1 or type 2 diabetes 
- Use of any medication that may influence glucose tolerance (e.g. chronic steroids) 
- Chronic hepatic disease 
- Pancreatic disease (e.g. acute  or chronic pancreatitis and current or history of 

pancreatic cancer) 
- Significant and chronic gastrointestinal disease (e.g. irritable bowel syndrome, 

inflammatory bowel disease, ulcerative colitis and celiac disease)  
- History of or planned bariatric surgery within the next 8 months 
- Acute thyroid disease  
- Use of probiotics, prebiotics or synbiotics within 3 months prior to screening 
- Antibiotic use within 30 days prior to randomization 
- Completion of > 3 courses of antibiotics within the past 12 months  
- Immunosuppressive medication use within the 30 days prior to randomization 
- Immunocompromised individuals  
- Severe renal disease as determined by an eGFR<30 mL/min/1.73m2 118  
- History of iron deficiency anemia or hemoglobinopathy  
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- Women who are pregnant, breastfeeding or planning to become pregnant within 
the next 8 months  

- Current or history of alcohol abuse (> 14 standard drinks/week for men, >7 
standard drinks/week for women120) or drug abuse 

- Any disease expected to reduce life expectancy to < 3 years 

 

2.4. INTERVENTION 
 

2.4.1. Probiotic Intervention  
 

VSL#3®  is a commonly used commercial mixture of 8 live freeze-dried bacterial strains 

in high concentrations of 300 billion CFU/gram or 450 billion CFU/dose (Lactobacillus 

plantarum, Lactobacillus delbrueckii subsp. Bulgaricus, Lactobacillus casei, Lactobacillus 

acidophilus, Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium 

infantis and Streptococcus salivarius subsp. thermophilus)116. It provides the highest 

commercially available concentration of bacteria per dose116. VSL#3® is manufactured by 

Ferring Pharmaceuticals and is produced in a standardized manner, ensuring consistency of 

product quality.  

2.4.2. Probiotic Form and Concentration  
 

 The probiotic intervention in this trial will consist of 2 VSL#3® sachets/day which is  

equivalent to 900 billion CFU/day. The sachets are available in a lemon flavour or unflavoured. 

For the purpose of this trial, the unflavoured option would be most appropriate in order to be 

indistinguishable from the placebo intervention. The VSL#3® sachets will be delivered to 

research sites by the manufacturer. All sites are to store the study sachets (VSL#3® and 

placebo) in their research pharmacy or clinic refrigerator. Refrigerator temperature maintenance 

and calibration logs must be completed weekly by all sites.  Participants will be instructed to 

store the product at a temperature between 2 to 8ºC to maintain product viability, even though 

the probiotic can be stored at room temperature (25ºC or less) for a maximum of 7 days1. The 

VSL#3® is to be mixed in cold liquids such as water or milk, and not hot liquids as that can 
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impact bacterial viability1. Participants will be instructed to mix the probiotic powder daily in 

water prior to consumption.   

2.4.3. Intervention Duration 
 

 We considered a number of factors when deciding upon the trial duration. One such 

factor is the amount of time that may be required for changes in the gut microbiota population to 

take place. Previous trials indicate a minimum of 20 days may be required to elicit changes in 

fecal microflora7,8. Another factor we considered is our primary outcome which is measured 

using HbA1c, a measure of glucose control over the previous 2-3 months6. The probiotics may 

also modulate gut permeability and consequently reduce metabolic endotoxemia, reducing 

insulin resistance. There may be other mechanisms through which the probiotics might exert 

their effects. We wanted to allow for adequate time for these potential alterations to take place 

and to be accurately captured. Therefore we selected an intervention period of 20 weeks (5 

months).  Participants’ glycemic status will be reassessed 12 weeks after completing the 

intervention. The 12-week follow-up period will allow for any lasting changes in glycemic 

homeostasis to be adequately reflected in an HbA1c test. Assessing glycemic status 12 weeks 

after discontinuation of the probiotics will shed light on whether or not their glycemic effects last 

beyond their consumption. 

2.5. CONTROL GROUP  

 
 The VSL#3® probiotic intervention group will be compared against a control group which 

will be administered placebo sachets provided by the probiotic manufacturer. The probiotic and 

placebo sachets will look and taste identical to each other in order to ensure blinding of 

participants and research staff. All participants will be given the same ingestion and storage 

instructions.  
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2.6. ADHERENCE  

 
 Participant adherence to the study sachets will initially be assessed during a 2-week run-

in period when all participants will be requested to consume the placebo sachets. The 

participants will not be told that the sachets are placebo. The run-in will help identify participants 

who may demonstrate low adherence and highlight which individuals may need some 

adherence support and aids during the post-randomization period.  Participants who exhibit an 

average of <80% adherence to the placebo sachets during run-in will be excluded from 

participating in the remainder of the trial123. During run-in and post-randomization, all 

participants will be instructed to take the study sachets once daily with water at approximately 

the same time each day, with or without food. If the once-daily dose is missed, participants will 

be instructed to take the next dose as scheduled. Once randomized to a treatment group, 

participants will remain on the same intervention and placebo regimen for 20 weeks. The 

probiotics and placebo sachets will be dispensed to the participants at the follow-up visits that 

are scheduled at 4, 8, 12 and 16 weeks after randomization (see Appendix 3 for visit schedule) 

and participants will be asked to return their used and unused sachets at their next follow-up 

visit during which the importance of adherence will be reinforced. Returned sachets will be 

counted at each visit, and adherence will be calculated as the percentage of used doses 

compared to the expected number. Research staff will also contact participants by phone 

between study visits to assess adherence and reinforce its importance as well as to inquire 

about adverse events. Participants are defined as non-adherent if they have taken less than 

80% of the study product on average throughout the trial124. A record of the date, the visit and 

the amount of study product dispensed and returned will be documented for each participant.  
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2.7. STUDY TIMELINE 
  

2.7.1. Screening, run-in and randomization 
  

 Potential participants will be recruited through local advertising and from diabetes clinics 

and education centres. Patients within each study site will be pre-screened by the site’s 

research nurse or coordinator. The research coordinator will explain the study as well as the 

randomization and concealed allocation to the patients. If patients are interested in participating 

they must provide signed consent.  

 A CRF will be completed by the research coordinator to ensure potential participants 

meet all inclusion criteria prior to randomization. The CRF will collect information regarding 

participants’ medical history, medication use and lifestyle, including alcohol intake and smoking 

habits. Screening will involve an HbA1c blood test to confirm prediabetes status. We will also 

collect serum creatinine in order to measure eGFR118. Women of child-bearing potential will be 

requested to provide a urine sample to rule out pregnancy.  

 Participants will be given instructions during screening on completion of a 3-day food 

diary to complete during the period of time (approximately a week) while their eligibility is 

confirmed. The 3-day food diary is to cover 2 week-days and 1 day of the weekend. If they are 

eligible to participate in the trial they will return to complete a two-week run-in period. They will 

be asked to provide the completed food diary at their initial run-in visit which will include a 

session with a registered dietitian (RD) who will use the food diary to assess their intake and will 

provide teaching on healthy eating. This will be done to standardize participants’ dietary intake 

as diet may interact with the gut microbiota56. They will also be provided with a list of probiotic 

and prebiotic-containing and fermented foods to avoid during the run-in period and throughout 

the remainder of the trial. The participants will meet with the RD midway through the run-in 

period to receive additional dietary teaching and guidance. They will also meet with the RD 

during the final visit of the run-in period for which they will complete a 3-day food diary. 

Participants will be encouraged to continue with healthy eating habits throughout the remainder 
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of the trial.  They will also be asked to maintain their current physical activity levels throughout 

the trial as increases in moderate and vigorous-intensity physical activity may influence the 

microbiome125–127.  

 As outlined earlier, the run-in will also involve administration of placebo sachets and 

adherence to the study sachets will be assessed. Participants demonstrating an average 

adherence of >80% will move on to randomization. The final run-in visit will also serve as the 

randomization visit to minimize participant burden however a one-week window after the last 

run-in visit will be allowed for randomization if needed.    

 Participants will be randomized into the probiotic group or the placebo group and their 

assigned treatment will be dispensed by the research pharmacy. Participants will be provided 

with instructions on how to take and store the sachets and will be reminded to maintain a 

healthy diet intake and consistent physical activity levels from the run-in period throughout the 

entire study period. The Global Physical Activity Questionnaire (GPAQ) will also be 

administered to participants during the randomization visit to capture baseline physical activity 

levels. Although it is unlikely that physical activity levels will differ dramatically between study 

groups, we are capturing average minutes of moderate and vigorous-intensity physical activity 

per day over the course of the trial as this will be required for our regression analysis.  

 During the randomization visit anthropometric measurements such as weight, height, 

and waist circumference (WC) will be measured. A fasting plasma glucose and insulin sample 

will be collected for the assessment of insulin resistance and beta-cell function using the 

homeostatic model assessment of insulin resistance (HOMA-IR) index and homeostatic model 

of beta-cell function (HOMA-B) index respectively. A stool sample will also be collected, 

however, if participants are unable to provide a stool sample during their visit, they will be given 

a stool sample collection kit to take home. The kit will allow participants to safely store their 

sample in the freezer for a maximum of three days after which the sample can either be 

dropped off at the study site or to a LifeLabs for shipment to the study site.  All samples will be 
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frozen in a -80°C freezer in the study site until they are analyzed.  A breakdown of study visits 

and assessments can be found in Appendix 3.  

2.7.2. Follow-up Visits 
 

 Participants will return to the clinic for a study visit at week 4, 8, 12, 16, 20 and 32 after 

randomization. During these visits anthropometric measurements (weight and WC) and a 

medical events CRF will be completed. Participants will also meet with the RD to receive 

ongoing dietary guidance. They will be asked to complete a 3-day food diary for the 8, 20 and 

32-week visit. The RD will review the food diaries for consistency in overall intake and to help 

direct the dietary counselling. The physical activity questionnaire (GPAQ) will be administered to 

participants during the 8, 20 and 32 week visit as well. A stool sample will be collected during 

the week 20 and 32 study visit. 

 Participants will be asked about change in any medications, especially the initiation of 

antibiotics since they can impact the underlying microbiota and potentially blunt the effect of the 

probiotic treatment55. Despite this, participants who start on antibiotics will continue with their 

assigned trial treatment. 

  If a participant reports that they have been diagnosed with T2D and has started on anti-

hyperglycemic medication then they will be treated as a treatment failure. Those that have been 

diagnosed with T2D during the trial but have not been prescribed any medication will have a 

confirmatory HbA1c test done and if the results are positive for T2D then the participant will be 

labeled as treatment failure. 

 Participants will be asked about their adherence to the study sachets and if they have 

experienced any adverse events. They will also be given a supply of study sachets to last them 

until their next visit. According to the VSL#3® manufacturer, the probiotic viability will be 

preserved between visits as long as the product is stored between 2 to 8 °C 116. Participants will 

be asked to bring any remaining sachets from their last supply to each follow-up visit. The 
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sachets will be counted and retained by study staff.  

 Losses to follow-up are expected to be minimal considering the short duration of the 

intervention, which is only 20 weeks.  Frequent contact will be maintained between research 

staff and participants via follow-up telephone calls. In order to reduce loss to follow-up, 

participants will be offered convenient and flexible times for their clinic visits. A 7 day window 

before or after the scheduled follow-up appointment will be offered to participants. Participants 

will also be compensated for their travel and parking costs upon each visit. If participants are 

unable to attend a study visit then research staff will administer the study visit CRFs and 

questionnaires over the phone. If participants miss their final visit they will be contacted by 

research staff and offered the option of remote blood collection via a test kit. 

 Participants who are lost-to-follow up may be fundamentally different than those that 

remain in the study. It is essential to identify whether the reason for loss to follow-up or 

participant withdrawal is related to the study intervention. Staff will call participants, then attempt 

a second call, and finally send an email and/or letter by mail if the participant does not respond 

to earlier attempts.  Study staff will attempt to obtain an HbA1c sample from the participant at 

week 20 and will inquire about any anti-hyperglycemic medication that the participant may have 

been started on. If the participant is unwilling or unable to come to the study site to provide a 

blood sample, a remote collection kit will be sent to the participant to take into a LifeLabs with a 

bloodwork requisition form. If the participant is still unable or unwilling to provide a blood 

sample, then the last option would be to request the participant’s latest HbA1c result from their 

physician, with the participant’s signed consent which will be obtained at the start of the study.  

2.8. OUTCOMES  

 

2.8.1. Primary Outcome 
 

 The primary outcome of this study is prediabetes remission to normoglycemia at week 

20 of the trial, while being off of any anti-hyperglycemic medications for 20 weeks post-
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randomization.  There is no set definition of prediabetes remission, however, the Diabetes 

Canada cutoff for a prediabetes diagnosis is an HbA1c of 6.0%-6.4%, thus we can define 

normoglycemia as a HbA1c of <6.0% without the use of any anti-hyperglycemic medications6.  

2.8.2. Secondary outcomes 
 

 Prediabetes remission will also be assessed in all participants during week 32 which is 

12 weeks after the discontinuation of the study sachets. The proportion of participants in drug-

free remission at week 32 will be compared between groups.   

 In addition to assessing the proportion of individuals that revert to normoglycemia, we 

will also capture the proportion of participants that develop T2D at any point during the first 20 

weeks of the trial within each group. The proportion of individuals in each group that develop 

T2D during the 32 weeks of the trial will also be reported. The proportions will be compared 

between-groups at both time points.  

 Insulin resistance and beta-cell function will be measured using the HOMA-IR and 

HOMA-B index respectively in all participants using plasma glucose and insulin samples 

collected from participants after an overnight fast37.  Change in HOMA-IR and HOMA-B values 

from baseline will be calculated and compared between study groups at 20 weeks and 32 

weeks. Both HOMA models are appropriate for measuring longitudinal changes in insulin 

resistance and beta-cell function, and are based on fasting plasma glucose and insulin37,128,129. 

Estimates from these models have been found to be independently associated with diabetes 

risk after adjustment for other diabetes risk factors37,128.  The HOMA-IR reference value is 1 

which reflects a healthy individual without insulin resistance and a HOMA-B of 100% denotes 

perfect beta-cell function130.  

 Changes in anthropometric measures will also be assessed. A reduction in weight, WC 

and BMI from baseline have been associated with probiotic administration and are predictors of 

prediabetes remission100,131–134. Thus, the % change in weight, BMI and WC from baseline at 
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week 20 and at week 32 between groups will be compared. Capturing changes in these 

anthropometric measurements may help shed some light on possible mechanisms through 

which the intervention may be eliciting the outcome of prediabetes remission.  

 Another secondary outcome is the assessment of change in relative abundance of 

bacterial and archaeal phyla, classes and genera from baseline at week 20 and at week 32 in all 

participants.  Results for changes between study groups will be reported at both time points. 

Change in fecal flora abundance will be calculated using stool samples that will be collected at 

baseline, week 20 and week 32. Bacterial abundance will be determined using 16S rRNA 

sequencing. 

 Finally, we will be assessing the safety and tolerability of the study probiotic. Some 

probiotic strains have been associated with infections, albeit rare and mostly in 

immunocompromised individuals119. VSL#3® was found to safe and did not result in serious 

adverse events (AE’s) in previous trials121,135. A meta-analysis found that out of 355 participants 

receiving VSL#3®, only 33 reported mild side effects, predominantly temporary bloating and 

there were no incidents where the treatment had to be stopped135. However it is still 

recommended that all trials employing a probiotic intervention monitor participants for cases of 

infection as well as other adverse events119. As such, participants will be asked during follow-up 

visits as well as during phone calls whether they have experienced any AE’s. AE’s are 

undesirable signs or symptoms that occur during the study and may or may not be causally 

related to the treatment. All AE’s considered to be possibly, probably or definitely related to the 

tested product will be recorded in a case report form (CRF). Serious adverse events (SAE’s) are 

defined as events that are fatal, life-threatening, disabling, incapacitating or result in 

hospitalization or prolonged hospital stay. All SAE’s, whether they are related to the study 

intervention or not, will be recorded in a CRF and will be reported to the research ethics board. 

Participants will be discontinued from the probiotic if it is decided that the SAE was related to 

probiotic consumption.  
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2.9. DATA COLLECTION  

 
 The research coordinator and research assistant(s) will be responsible for the data 

collection and entry. All research staff will be certified in Good Clinical Practice and will receive 

thorough training in appropriate data collection and entry methods.  

 Data will be collected using CRFs and will be manually entered into electronic case 

report forms (eCRFs) in an electronic data management system. Research staff will be trained 

on operation of the data management system and data entry procedures. All CRFs will be 

reviewed by the research coordinator(s) shortly after data collection to ensure data are accurate 

and complete.  Whenever possible any missing data will be obtained before the participant 

leaves their study visit. A random sample of data will be double-entered to ensure accurate data 

entry. The data management system will be programmed to flag data that may be inconsistent 

or out of range minimizing the chance of erroneous data entry.  

2.9.1. Anthropometric Measurements and Blood Specimens 
 

 Participants’ height and weight will be measured with light clothing on and without shoes. 

Waist circumference will be measured in the horizontal plane midway between the lowest rib 

and the iliac crest136. Body mass index (BMI) will be calculated as weight in kilograms (KG) 

divided by the square of height in metres.  

 Insulin resistance and beta-cell function will be estimated using the HOMA-IR and 

HOMA-B index respectively, based on the formula: (HOMA- IR) = ((insulin mU/L)(glucose 

mmol/L)) ⁄ 22.5, and (HOMA-B)= (20 x insulin mU/L) ⁄ (glucose mmol/L- 3.5)37. Fasting plasma 

glucose and insulin will be collected from participants after an overnight fast at randomization 

visit, week 20 and 32.  HbA1c will be measured using a validated assay standardized to the 

National Glycohemoglobin Standardization Program-Diabetes Control and Complications Trial 

reference6. The proper collection and processing of blood samples will be detailed in a 

laboratory manual that will be provided to all the study sites.   
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2.9.2. Fecal sample collection 
 

 Stool samples will be collected at randomization as well as at week 20 and 32. Ideally, 

samples are to be collected during the study visits but if the participants are unable to provide a 

stool sample at that time, they will be given a stool sample collection kit to take home.  

Participants will be instructed to store the sample (using the provided kit) in their freezer for a 

maximum of three days after which they must either drop it off to the study site or to LifeLabs 

using icepacks and a Styrofoam cooler provided as part of the kit. LifeLabs will ship the samples 

on dry ice to our research centre137. Fecal samples will be frozen in a -80°C freezer immediately 

upon collection during a study visit or upon arrival to the study site. All samples will be labeled 

using participants’ study identification number, date of collection and date of storage in the study 

site. Fecal sample analysis will occur through a centralized lab specializing in 16S rRNA 

sequencing.   

2.10. MEASURING POTENTIAL CO-INTERVENTIONS 

 
 Shifts in dietary intake may influence gut microbiota composition as can regular physical 

activity138,139. Therefore diet and physical activity will be monitored in all participants throughout 

the trial.  

2.10.1. Diet Intake Measurement 
 

 All participants will meet with a study research dietitian throughout the run-in period and 

their final 3-day food diary will be used to denote their intake at ‘baseline’ or ‘randomization’. 

Additional 3-day food diaries will be measured and submitted to the dietitian during week 8, 20 

and 32 of the trial for the purpose of monitoring and reinforcing healthy eating habits.  Diet 

diaries will also be assessed for intake of probiotic and prebiotic-containing foods and 

participants will be reminded to refrain from consuming these foods for the remainder of the trial.  
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2.10.2. Physical Activity Measurement 
 

 The Global Physical Activity Questionnaire (GPAQ) will be administered by a trained 

research staff member. It incorporates the use of images as well as lists that depict moderate 

and vigorous-intensity activities which will aid the participants in recalling their activity during a 

typical week15.  The GPAQ has been validated against accelerometer data for measurement of 

moderate and vigorous-intensity physical activity (MVPA) over 7 days and for assessing change 

in MVPA over a period spanning 1 to 6 months and has shown moderate agreement for MVPA 

minutes/day (r=0.48) and for change in MVPA (r=0.52).140  

 The GPAQ will be administered at randomization, approximately midway through at 

week 8, 20 and 32 to assess average total minutes of MVPA per week.  

2.11. SAMPLE SIZE 
 

 Several trials have demonstrated remission of prediabetes with proportions of individuals 

reverting to normoglycemia ranging from 16% to 58% over time frames reaching up to 10 

years14,133,141–144. However, to the best of our knowledge, no studies have attempted induction of 

normoglycemia in individuals with prediabetes using probiotics. As such, to help us determine 

an estimation of our required sample size we resorted to remission proportions from 

observational studies and remission proportions of control groups from trials aiming to prevent 

T2D in adults with prediabetes and trials aiming to reverse prediabetes.  Considering our 

proposed intervention duration is 20 weeks (5 months), we focused on remission proportions 

from trials with durations of 1 year or less to select an anticipated remission proportion for our 

control group. An Iranian observational study of prediabetic first-degree relatives of individuals 

with T2D found that 15% of their participants reverted to normal glucose tolerance after one 

year of dietary and weight-management education132.   A non-randomized study aiming to 

prevent T2D compared a group on a combination of oral anti-hyperglycemic medications with a 

group that was given printed information about healthy eating and encouraged to walk 30 
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minutes per day145. The pharmacological intervention group was also given the same print-outs 

and told to walk 30 minutes per day, so in essence, the lifestyle group functioned as the control 

group145. After a median follow-up of 8.9 months, the control group demonstrated a remission 

proportion of 12.5%145. The Diabetes Prevention Program trial studied the prevention of T2D 

using metformin or lifestyle modification compared to a control group146.  The remission 

proportion in the control group was approximately 25% after a one year follow-up but this figure 

decreased to 10% after adjusting for baseline age, sex, ethnicity, weight, FPG, 2hrPG, insulin 

sensitivity and secretion146, 21. 

  We also found an observational study in Japanese population that reported a remission 

proportion of 43% after a one year follow-up period147.  

 We leaned on the conservative side by selecting a remission proportion of 8% in the 

control group given our trial duration is 20 weeks (5 months). We would like to detect a 2-fold 

increase in the proportion achieving remission in the probiotic group. Using a power-based 

approach, a prediabetes remission proportion of 8% in the control group and a proportion of 

16% in the probiotic group, an alpha error probability of 5% in a two-sided test, and a power of 

80%, our estimated sample size is  516, or 258 per group (see sample size calculator output in 

Appendix 4). Accounting for a hypothesized attrition rate of 10%, our sample size increases to a 

total of 568 or 284 participants per group. Alternative sample size calculations are provided in 

Appendix 5. 

2.12. STATISTICAL CONSIDERATIONS 
 

 All participants will be followed until they withdraw, develop T2D or until the completion 

of the study. Using intention-to-treat analyses, participants who withdraw or are lost-to-follow up 

will still be included in the analysis for the treatment group that they were randomly allocated to 

and be used in the final analyses. Missing data will be dealt with using multiple imputation for all 

variables with the exception of the primary endpoint.  Study staff will obtain the participant’s 
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most recent HbA1c from their family physician or diabetes care provider in order to ascertain if 

the study outcome has been achieved.  If for any reason we are unable to obtain an HbA1c we 

will adopt a conservative approach and assume that remission was not achieved. Participants 

that develop T2D will be considered treatment failures. 

 An exploratory per-protocol analysis will be conducted using data from participants who 

demonstrated >80% mean adherence throughout the trial.  Results of the per-protocol analysis 

will be compared with the ITT analysis results. Inconsistencies between the ITT and per-

protocol results will help explore the impact of poor adherence (<80%) on the treatment effect of 

probiotics148,149.   

 Descriptive statistics will be used to summarize participants’ baseline characteristics and 

to assess the distribution of the data. Continuous variables will graphed using box plots to 

identify outliers beyond the interquartile range (IQR). The IQR provides an approximation of the 

variability near the center of the data and is calculated as the 75th percentile (denoted as 

Q3) minus the 25th percentile (denoted as Q1).  Any data points falling above the upper and 

lower limits as calculated by [Q3 +1.5(IQR)] and [Q1-(1.5IQR)] respectively will be considered 

extreme outliers.  We will investigate the nature of extreme outliers before deciding whether or 

not to drop the observation. If it is clear that the outlier is due to incorrectly entered or measured 

data, then it will be corrected if possible.  Remaining outliers will be kept in the analysis and the 

data will be winsorized to reduce the influence of the outliers on the results. The winsorization 

cut-off will be determined after the data has been collected and examined.  Continuous 

variables will be presented as means and their standard deviations or medians and interquartile 

ranges depending on the distribution. Categorical variables will be presented as counts 

(percentages). Differences in participants’ baseline characteristics between the two groups will 

be analyzed using a chi-square test for categorical variables and the t-test for normally 

distributed continuous data. Non-normally distributed continuous data will be tested using the 

Mann-Whitney test. Changes in all of our outcome measures pre and post-intervention will be 
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reported within groups and compared between groups. Between-group differences will be tested 

for significance using the same methods as the baseline characteristics.  

 Our primary analysis will serve the purpose of hypothesis-testing while the secondary 

analyses will be hypothesis-generating. A p-value of <0.05 will indicate statistical significance 

for all analyses.   

 The proportion of participants that achieve prediabetes remission at week 20 will be 

calculated in the probiotic and placebo groups. The chi-square test will be used to identify if the 

proportion of individuals who achieve drug-free prediabetes remission is statistically different 

between the probiotic and placebo group. A Fisher’s exact test will be used if counts within the 

contingency table’s cells are <5.  Prediabetes remission will also be assessed at week 32 and 

the proportion of individuals who achieve remission to normoglycemia will be compared 

between the two groups. The proportion of individuals that develop T2D at any point during the 

trial will be compared between groups in the same way as prediabetes remission. The odds 

ratios (O.R) and their 95% confidence intervals will be reported for these analyses.   

 The other secondary outcomes (HOMA indices, weight, BMI, WC and relative 

abundance of microbiota) will be analyzed using an independent sample’s t-test to compare 

changes from baseline between groups.  HOMA-B and HOMA-IR estimates are usually not 

normally distributed and so a Mann-Whitney test will be used to assess differences between the 

groups. Comparisons between groups will be reported as an estimate of effect along with the 

corresponding 95% confidence interval and associated p-values.  

Mean relative abundance and standard deviation will be reported for phyla, class, and genera. 

To account for the multiple testing within the microbial composition analysis, a false discovery 

rate-adjusted p<0.05 will be used to denote statistical significance150. 

 Our exploratory regression analyses will involve a multiple logistic regression model to 

assess whether the change in fecal microbiota, specifically the change in relative abundance of 

the Rosburia genus from baseline at week 20 is an independent predictor of drug-free 
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prediabetes remission at week 20 (categorized as yes/no). The purpose of this analysis is to 

assess whether the change in this microbial population is associated with prediabetes 

remission. To assess whether the change in fecal microbiota is an independent predictor of 

remission, we will adjust for variables that have been found to be significant predictors of 

prediabetes remission. Previous studies investigating predictors of prediabetes remission have 

found that BMI reduction from baseline, but not baseline BMI, was a significant predictor of 

prediabetes remission to normoglycemia after adjusting for age, sex and baseline fasting 

glucose and lifestyle factors. They also found that change in WC from baseline but not initial 

WC was significantly associated with prediabetes remission17. On the other hand some trials 

found baseline weight, WC and BMI and not necessarily changes in these variables to be 

important predictors of regression to NGT21,132,141. Furthermore, age, sex, ethnicity, family 

history of type 2 diabetes; physical exercise (minutes of total MVPA per week); FPG; as well as 

insulin resistance (HOMA-IR) and beta-cell function (HOMA-B) have been identified as 

important predictors 20,21,132,133. We will adjust for age, sex, ethnicity, mean total minutes of 

MVPA per week (average of baseline, week 8 and week 20) and baseline HbA1c. All these 

variables will initially be added in our model at once and backward elimination will be performed 

to find the best model that predicts our outcome. Variables will be retained in the model if they 

change the main effect estimate by >10%. However we will first test our independent variables 

for multi-collinearity and if variables are found to be significantly correlated (r>0.7) then only one 

of the two collinear variables will be included in the model. The O.Rs and 95% confidence 

intervals will be reported for the final adjusted multiple logistic regression model.  

 All analyses will be conducted using the SPSS V.23. Statistical Software package and 

be reported according to CONSORT guidelines.  
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CHAPTER 3: ADDITIONAL METHODOLIGICAL CONSIDERATIONS 
 

3.1. ETHICS AND RISK TO PARTICIPANTS  

 
 The trial will be conducted in accordance with the Tri-Council Policy Statement: Ethical 

Conduct for Research Involving Humans (TCPS 2). TCPS 2 training will be mandatory for all 

research staff involved in the trial.  

  Voluntary written consent will be mandatory prior to participation in the trial. Subjects 

may withdraw from the trial at any time at their own request, without requiring to disclose the 

reason unless it is due to discomfort or adverse events. 

 Identifying information of patients who become participants will be protected under the 

Personal Health Information Protection Act (PHIPA). Each participant will be assigned a unique 

participant identifier (PID) by the data management system. The PID will not contain any 

information that would link back to the participant’s name, initials, date of birth or medical record 

number. The database is maintained on a secure server and is accessible only to authorized 

members of the research team who will each have their own user I.D and password. The 

database tracks the activity of each user, thus ensuring that all data entry and editing can be 

traced back to the correct staff member. Participant charts will be securely stored in a locked 

cabinet within a locked room. Identifying information will be stored separately from the de-

identified data.  

 Participant safety will be carefully monitored and protected throughout the trial. We have 

selected exclusion criteria that prevents certain vulnerable individuals from participating. For 

instance, immunocompromised people as well as women who are pregnant are restricted from 

participating due to risk of infection with probiotics, even though the risk is minimal119. 

Furthermore, women of child-bearing potential will be asked to complete a urine pregnancy test 

at the start of the trial and will be asked to use reliable contraception methods to avoid 

pregnancy during the trial. All participants will be clearly informed of potential risks and adverse 

http://www.spirit-statement.org/confidentiality/
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events associated with the intervention and any new information that emerges which impacts 

their welfare or continuation in the trial will also be shared.  

3.2. POTENTIAL CO-INTERVENTIONS  

 

3.2.1. Dietary Intake 
 

 Dietary components and short-term or acute changes in diet can influence gut 

microbiota in different ways56,151. Animal studies suggest HFDs result in shifts in certain 

microbiota, primarily reductions in Bifidobacterium spp. and Bacteroides and an increase in 

Protebacteria69,152,153. These observed changes in microbiota may lead to increased levels of 

LPS and intestinal permeability, resulting in a cascading inflammatory response that may 

ultimately lead to insulin resistance152. High LPS levels have been associated with metabolic 

syndrome features and a significant increase in LPS was found in individuals with T2D as well 

as in those with impaired glucose tolerance68,72,73.  In an animal study, changes in gut microbiota 

and metabolic indices appear to result from diets high in milk and lard fat (saturated fatty acid 

sources), or safflower oil (polyunsaturated fatty acid), with fat totaling approximately 60% of total 

energy intake154. These HFDs induced changes in phylogenic profiles that were associated with 

inflammatory profiles154. In a small human study, the HFD was comprised of an animal-based 

diet with over 60% of caloric intake from fat and this diet arm was compared to individuals on a 

plant-based diet with less than 30% fat intake155. Participants on the HFD had increases in bile-

tolerant microbiota such as Bacteroides and decreased levels of Firmicutes that metabolize 

dietary plant polysaccharides compared to the plant-based diet arm155.   

 We don’t anticipate that there will be drastic differences in intake between our two study 

groups. However, there is a concern that perturbations in fat intake by individuals in either group 

may blur the treatment effect of the probiotics. As such, we plan to standardize participants’ 

intake as much as possible during the run-in period when participants will meet with a RD. The 

RD will provide teaching on healthy eating and will provide instructions on thorough and 
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accurate completion of 3-day food diaries. The RD will use the collected data to assess whether 

participants require further teaching reinforcement to achieve a healthy diet as well as to 

monitor intake to ensure consistency throughout the trial.   

3.2.2. Physical Activity 
 

 The impact of physical activity on the gut microbiota has been mainly studied in animal 

models. Studies using mice have demonstrated that moderate-intensity exercise can alter the 

gut microbiota and increase SCFA production125,126. Data from humans is limited and available 

data is from trials comparing athletes to sedentary controls127,156. A trial done in a small group of 

women did not find any significant differences in the phylum level between the active and 

sedentary group, however there was a trend towards higher presence of Firmicutes and a lower 

presence of Bacteroidetes in the active group compared to the inactive group139.  

 Although the relationship between physical activity and the gut microbiota is uncertain, 

the glucose-lowering effects of physical activity as well as its role in weight loss have been 

established23,24.  Vigorous as well as non-vigorous physical activity can reduce insulin 

resistance regardless of weight loss and is an important predictor of diabetes prevention3,156,157.  

It is unlikely that the groups will differ in physical activity levels following randomization. 

However, we plan to test whether change in the microbiome is an important predictor of 

prediabetes remission using a regression model and will need to adjust for physical activity 

levels.  Therefore we will capture the average total minutes of MVPA per week in both groups at 

baseline, week 8 and week 20.  

3.3. DATA COLLECTION CONSIDERATIONS 

 

3.3.1. Dietary Intake Measurement 
  

 There are a number of ways to collect diet intake data. One of the most commonly used 

tools is the food frequency questionnaire (FFQ). The FFQ is a validated measure of dietary 

intake and is a retrospective measurement of usual intake over the previous 12 months158. 
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There is no current ‘gold standard’ for measuring food intake, however the FFQ has been 

validated against weighted food records and a series of 24-hour dietary recalls158. Compared 

with other approaches, such as 24-hour dietary recalls and food records, the FFQ generally 

collects less detail regarding the foods consumed, cooking methods, and portion size158. 

Overall, the questionnaire allows the estimation of the average daily consumption of foods by 

asking about sub-items for several food items158. The FFQ is usually completed independently 

by the respondent and is considered low-burden159. It is relatively inexpensive and therefore is 

usually the method of choice for diet measures in large-scale epidemiologic studies159. Its 

intended use is to assess ranking of intakes within a population, and so it is important to note 

that FFQ’s may not produce reliable estimates of absolute intake. This method is also subject to 

errors common to tools that rely on recall and self-administration. These include the reliance on 

long-term memory, interpretations of the frequencies and serving sizes and a poor ability of 

some individuals to estimate and describe their usual food intake160.  

 Another method of dietary data collection is the 7-day diary (7DD) which is a prospective 

record of food and beverages at the time of consumption159. It can include details such as 

portions, brand names, cooking and preparation methods159. Participants can take photographs 

of their food/portions or measure their food using household measures and record their intake 

by hand or electronically159. The immediate logging of food intake results in more accurate 

quantification compared to methods that rely on recall161. This method has been found to be in 

closest agreement to a 16-day record of weighed food and the second highest correlation with 

biomarkers compared to the FFQ and a 24-hour recall161. Concerns with this method include the 

burden it places on participants as well as the risk that it may be completed from memory after 

the food is consumed rather than at the time of consumption162. Additionally, the process of 

filling out any food record may influence eating behavior, however that is likely due to the nature 

of subjective measurement of intake rather than the tool itself162.  Altering behavior or self-

collected data to align with societal norms or expectations, also known as social desirability 
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bias, is a common limitation associated with collection of lifestyle data163. However, this will 

likely be a non-differential bias as it can occur in both groups.   

 A 3-day food diary is similar to the 7DD but with less burden placed on participants. This 

approach is the most suitable method for our study given that we are monitoring diet for the 

purpose of maintaining consistency of healthy eating habits throughout the trial. The RD can 

visually review the 3-day food dairies without the need to input data into software and can 

provide personalized feedback and teaching to participants.  

3.3.2. Physical Activity Measurement  
 

 Similar to diet measurement, physical activity can be measured in various ways. 

Objective measurement includes the use of pedometers which are small motion sensor devices 

that count the number of steps taken in one day. Although pedometers are simple to use they 

present a number of drawbacks. To begin with, they only capture walking activity and do not 

account for other forms of exercise such as swimming or resistance training. Secondly, 

pedometer accuracy is variable as it can erroneously perceive other motions as steps, resulting 

in recorded steps not reflecting actual steps taken164. Additionally, pedometer step counts are 

influenced by body size and speed of movement165. Some pedometers now include a function 

that records distance walked and can be used to assess kilocalorie expenditure165. However a 

study that validated 10 different pedometer devices concluded that pedometers are most 

accurate for capturing number of steps and less accurate for distance and kilocalorie 

assessment. Accelerometers are similar to pedometers in that they are small wearable devices 

but the main difference, as the name suggests, is that they capture acceleration of movement in 

up to three planes (anteroposterior, mediolateral, and vertical)166.  Accelerometers are an 

attractive option because they can be used to compute physical activity durations, rates and 

time spent in different intensities of activity167. However, accelerometers are expensive and 

require individual programming which necessitates technical expertise and specialized 
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software166,13. Also, some accelerometers are unable to differentiate body position (e.g., sitting, 

standing) and may miss upper body movements if worn on the waist167.  

 Subjective methods include self-report via diaries or questionnaires and are the 

cheapest and most convenient way to capture physical activity data from a large number of 

people in a short time. Activity diaries or logs are similar to diet diaries in that they can vary in 

duration of recall and amount of detail provided. They also present similar drawbacks as diet 

diaries. Many activity questionnaires have been designed to capture physical activity levels for 

the purpose of either surveillance or assessment of behavior change within different 

populations168.  Since physical activity is not a primary variable of interest, we do not require 

detailed accounts from participants but rather an estimate of their activity levels. The Global 

Physical Activity Questionnaire (GPAQ) has been designed for that purpose and is a valid 

measure of moderate and vigorous-intensity activity as well as of change in those activity 

levels140,169. The questionnaire covers intensity, duration, and frequency, and it assesses 

occupational physical activity, transport-related physical activity, and leisure physical activity of 

a typical week15. GPAQ is designed for administration by a trained interviewer which is 

advantageous as it reduces error associated with self-completion15. It also incorporates the use 

of images and lists that depict moderate and vigorous-intensity activities which will aid the 

participants with their responses15. The GPAQ will be used to measure average total minutes of 

MVPA per week in our study. 

3.3.3. Fecal Sample Collection 
 

 Stool samples can be collected as a bulk fecal sample or using fecal occult blood test 

cards170.  Although the test cards are inexpensive and easy to ship to and from the participant, 

they are designed for colon cancer screening and contain a chemical that detects blood in the 

stool which could potentially affect the gut microbiome171.  Thus, bulk stool collection would be 

the more appropriate option for our study.  
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 The method of collection has not been found to result in significant differences in 

microbiome stability and detection, however storage temperature can impact result 

reproducibility. There is conflicting evidence related to the stability of microbial communities in 

fecal samples stored at room temperature (for a short period of 3 days) in comparison to frozen 

samples170,137.  Frozen samples (at -80 °C) are the gold standard for microbial storage and 

some evidence demonstrates changes in fecal microbial viability with delayed freezing137,170,172.  

Furthermore, evidence shows that fecal samples which were immediately frozen at −80 °C, 

stored on ice for 24 hours, or stored on ice for 48 hours before DNA extraction and analysis did 

not exhibit significant differences due to the storage method173. There is little concern about the 

sample thawing from the time it is removed from the participant’s freezer to the time it is placed 

on dry ice as viability was preserved in a study where samples were thawed and re-frozen 4 

times, totaling 28 minutes of thawing time137.   

 Another important point for consideration is the variation in results that can occur from 

different batches of DNA extraction kit reagents used in prospective studies174.  It is 

recommended that all extraction kits be purchased at the start of the study to minimize potential 

discrepancies among reagent batches and to record the kit and batch used to process each 

sample174.   

3.4. OUTCOME MEASUREMENT 

 
3.4.1. Primary outcome 

 

 Our primary outcome is prediabetes remission to normoglycemia, as defined by an 

HbA1c of <6.0% at week 20 of the trial without the use of any anti-hyperglycemic medication for 

20 weeks post-randomization.  

 Alternative methods of assessing normoglycemia include a FPG<6.1mmol/L and/or a 

2hrPG<7.8mmol/L, measured using a 75g-OGTT6. Both methods are acceptable prediabetes 

diagnostic tests however each presents certain limitations6.  For instance an OGTT is a time-
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consuming test that requires an overnight fast and must be conducted between 7:00 to 9:00 

a.m., making it burdensome to participants175. Often times patients forget to fast or consume an 

inadequate amount of carbohydrates over the proceeding 3 days (150 grams/day), impacting 

result accuracy176.  Furthermore, when compared to FPG and HbA1c, the 2hrPG is associated 

with substantially more intra-individual variability, as high as 16.7%177.  

 Although FPG is accepted as a diagnostic criterion of prediabetes, it has been reported 

to have low reproducibility6. There are a number of factors that contribute to its poor 

reproducibility, namely inter and intra-individual biological variability6,42. In a person with normal 

glucose tolerance, day to day FPG can vary by 5.7-8.3% and inter-individual variability can 

reach as high as 12.5%177,178. FPG levels can also be influenced by factors that occur prior to 

sample collection such as food intake, length of pre-test fasting and exercise179. Furthermore, 

illness and acute stress can increase FPG180. These limitations highlight a major drawback of 

FPG which is that it is a reflection of glucose levels at a single point in time176.  

 HbA1c is advantageous in that it is a measure of the average glucose concentrations 

over the previous 2-3 months and thus reflects long term glucose control181. Another advantage 

is that no preparation is required by participants and the test is not time-sensitive6. Additionally, 

intra-individual variation is minimal (<1%), however variation between individuals is greater 

despite similarities in glucose concentrations182,183. This variation is believed to be due to 

differences in rate of hemoglobin glycation, termed as the ‘glycation gap’, the clinical 

significance of which is unclear176,184. Other important points to keep in mind include the 

influence of race and some chronic medical conditions on HbA1c levels. For instance African 

Americans, Indian Americans, Hispanics and Asians have HbA1C values that are up to 0.4% 

higher than Caucasians at similar glycemic levels185,186. It is unknown whether these differences 

are present in Canadian Africans and Canadian Aboriginals176. Despite the ethnic variation in 

HbA1c, diagnostic cut-offs based on ethnicity have not been developed6.   

 HbA1c measures may be inaccurate in individuals with hemoglobin-related disorders, 
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iron-deficiency anemia, hemolytic anemias, and severe liver and kidney disease187. Although 

some of these conditions such as iron-deficiency anemia have been observed to increase 

HbA1c levels minimally, correction of the iron deficiency is recommended prior to measuring 

HbA1c187. Despite these cautions, HbA1c is a convenient, stable and accurate measure of 

glucose control in the overall population187. For these reasons, it will be used to determine the 

outcome of prediabetes remission in this trial.   

3.4.2. Secondary Outcomes 
 

 Although our overall objective is to induce prediabetes remission, it is crucial to 

investigate the impact of our intervention on underlying pathophysiology. Prediabetes starts with 

insulin resistance, resulting in hyperinsulinemia, which is also accompanied by overproduction 

of endogenous glucose130. Evidence shows that individuals with IFG or IGT have decreased 

beta-cell function irrespective of HbA1c level and that insulin resistance has to be considered 

when assessing insulin release by the beta-cell37,188. Furthermore the ACT NOW study 

demonstrated that the risk of developing diabetes was related to diminishing b-cell function (as 

determined by the insulin secretion/insulin resistance (IS/IR) index)189.  As such, it would be 

important to assess whether changes in beta-cell function and insulin resistance are taking 

place in response to probiotic therapy.  It would also be of interest to assess whether changes in 

beta-cell function and insulin resistance continue beyond the administration of probiotics. 

HOMA-IR and HOMA-B are relatively simple and inexpensive surrogate measures of insulin 

resistance and beta-cell function respectively129. Both indices are calculated using the HOMA2 

computer calculator which accounts for hepatic and peripheral glucose resistance129. Both 

measures have been validated against more complex tests such as the intravenous glucose 

tolerance test (IVGTT), the hyperglycemic clamp, and the euglycemic-hyperinsulinemic 

clamp130.  However, it is important to mention that the equations the HOMA2 utilizes are based 

on the original HOMA1 model which was developed in 1985 and was calibrated to an insulin 
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assay from the 1970’s which when compared to modern assays results in an underestimate of 

insulin resistance and an overestimate of beta-cell function. This is not problematic when 

assessing relative change but more so for the assessment of absolute insulin resistance or 

beta-cell function129.  

 The mechanisms by which probiotics may be exerting their effects are not fully 

understood. It is unclear whether they exert their effects by altering the host’s native microflora 

population or through indirect mechanisms or both85. To help elucidate some of the uncertainty, 

we will be measuring changes in fecal flora relative abundance using the 16s rRNA sequencing 

method. This method allows for analysis of the composition and diversity of microbial 

communities, providing information about taxonomy and function190. 16s rRNA is especially 

useful for characterizing which kinds of organisms are present in a wide range of samples 191. To 

obtain a detailed structural overview of the microbiome of each subject enrolled in the study, 

operational taxonomic unit (OTU) analysis will be conducted190.  

 We are particularly interested in evaluating whether changes in the Roseburia genus is 

associated with prediabetes remission. Roseburia are members of the Firmicutes phylum and 

are butyrate-producing bacteria192. As previously mentioned, butyrate has been found to have 

anti-inflammatory and trophic effects in the epithelial mucosa, maintaining gut-barrier 

integrity46,78. Butyrate has also been correlated with elevated levels of GLP-1110. Fecal 

transplants from lean donors to adults with metabolic syndrome resulted in an increase in 

Roseburia bacteria as well as butyrate83. The transplant recipients also demonstrated a 

significant improvement in peripheral insulin sensitivity83. Roseburia has been found to be 

significantly diminished in adults with type 2 diabetes and it would be interesting to explore 

whether a change in relative abundance of Roseburia is associated with remission from 

prediabetes to normoglycemia.    
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3.5. INTERNAL AND EXTERNAL VALIDITY 

  
 Sources of systematic error or bias can present themselves prior to randomization, 

during the intervention phase and during data analysis. These sources of bias are mitigated 

through careful consideration and implementation of a randomized controlled trial design and 

methodology. The randomization, concealed allocation and triple-blinded design minimize 

sources of bias that would otherwise impose threats to internal validity within observational 

study designs. For instance if participants are not blinded to their group allocation, those in the 

control group may use co-interventions in order to achieve similar benefits as participants in the 

active treatment group. Given that our participants will be blinded it is likely that any co-

intervention use will be balanced between the two groups of participants.  Participants will be 

advised to maintain their current lifestyle behaviors and will be counseled on avoiding co-

interventions that may impact the study outcome, with the exception of antibiotics. 

 Similarly, the risk of contamination between study groups is avoided with the triple 

blinded design. Blinding prevents the placebo group participants from knowing what treatment 

group they are in and from attempting to achieve the same benefits as the probiotic-group 

participants by consuming probiotics outside of the study. The triple-blinded design also 

prevents study staff from influencing or manipulating study results during the data collection and 

analysis phase in order to demonstrate the desired study outcome. There is a possibility that the 

probiotic group participants experience symptoms associated with probiotic use such as 

increased bloating and flatulence which may make them privy to their group allocation.   

 Information bias can result from how participants recall their diet and physical activity. 

Diet and physical activity estimates may be less accurate to their true intake given that they are 

measured indirectly using subjective methods. Also, social desirability bias results when 

participants intentionally under or over-report intake of certain foods based on what they believe 

will be favorably viewed or expected of them. Any reporting bias related to physical activity 

would impact the results of our regression analysis since our regression model will be adjusted 
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for physical activity.   

 The use of probiotics, prebiotics or synbiotics outside of trial protocol can influence the 

trial outcomes. As previously discussed, prebiotics are non-digestible but fermentable food 

components that selectively stimulate the growth or activity of one or multiple gut microbes114. 

Bifidobacterium bacteria are known to respond to the administration of certain prebiotics114. For 

example, amylase-resistant starch increases Lactobacilli and Bifidobacteria as well as 

Lactobacilli, while also decreasing Enterobacteria193. However it is important to highlight that 

translation of these findings from animal studies to humans has resulted in variable results. The 

administration of oligofructose in humans reduced plasma endotoxin levels and improved 

glucose tolerance and weight loss in humans69. Further attempts to assess the efficacy of 

prebiotics in humans have demonstrated that reductions in energy intake  and increase in PPY 

concentrations may be dose-dependent194,195. The amount of evidence from human trials is 

limited and beneficial changes of metabolic markers remains to be demonstrated in large 

randomized controlled trials. Similarly, probiotic and symbiotic use can impact our outcomes 

and so participants will be questioned about their use of probiotics, prebiotics and synbiotics 

during the screening process. They will also be instructed to refrain from using these items 

during the trial. Dietary recalls will be conducted throughout the trial to assess intake of prebiotic 

and probiotic food sources and will be used to assess whether intake of these foods has 

remained unchanged from baseline. As previously discussed, it is unlikely that there will be 

significant differences in intake between the groups given the randomized and blinded design.  

 Changes in the microbiome that occur with antibiotic use can last beyond the completion 

of antibiotic treatment. Broad-spectrum antibiotics have been found to reduce the abundance of 

approximately 30% of the taxa in the human gut, reducing microbial diversity196. Pre-treatment 

microbial diversity was mostly restored approximately 4 weeks after the completion of the 

antibiotic course in healthy adults, however several taxa failed to recuperate 6 months post-

treatment196. Long-term consequences of antibiotic use have also been reported. A human trial 
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demonstrated that after 7 days of antibiotic exposure, a sharp decline in Bacteriodes was 

detected and pre-treatment diversity was not regained after a period of two years post-

treatment197. It is important to note that individualized responses to the same antibiotic vary, and 

different antibiotics may have different effects on underlying microbiota196,197.  Participants who 

have been on antibiotics within 30 days prior to randomization and those who have had more 

than 3 antibiotic courses within the previous 12 months will not be eligible to participate in the 

trial. Enrolled participants will be questioned about changes in medications and health at every 

study visit to monitor initiation of antibiotics. 

 In regards to external validity, the proposed inclusion and exclusion criteria would extend 

the generalizability of our results to individuals with prediabetes but may not apply to those with 

T2D or with current gestational diabetes.   

 The run-in period is useful for increasing the proportion of participants who adhere to the 

study intervention. Excluding those that demonstrate <80% adherence will allow us to explore 

the treatment effect in participants who actually take the probiotic198. Although the exclusion of 

non-compliant participants limits the external generalizability to those who take an average of 

80% or more of the intervention, the number or participants who end up being excluded tends to 

be relatively small198.  

 If probiotics demonstrate efficacy in inducing prediabetes remission, we will not be 

certain of the applicability of our findings to those with the comorbidities listed in the exclusion 

criteria. On the other hand, the trial will be recruiting from populations across Canada, capturing 

a wide variety of ethnicities and cultures.  
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CHAPTER 4: TRIAL STRENGTHS, LIMITATIONS AND IMPLICATIONS 
 

4.1. STUDY STRENGTHS AND LIMITATIONS 
 

 To the best of our knowledge, this is the first randomized trial of its kind to investigate 

the effects of a high concentration multi-strain probiotic on inducing drug-free remission of 

prediabetes to normoglycemia. In designing this trial, several key considerations were made to 

address limitations of previous studies. Most trials using probiotics have relatively small sample 

sizes and short durations. Our duration of 20 weeks should allow for any changes in gut 

microbiota to take place, for the microbiota to exert their effects and for any metabolic changes 

to be reflected in the HbA1c. Furthermore, our follow-up 12 weeks after the discontinuation of 

probiotics will help reveal if the effects of the probiotic intervention last beyond its administration.  

 The decision to measure prediabetes remission using HbA1c rather than an OGTT is in-

part due to the high OGTT intra-individual variability and problems with reproducibility. Also, if 

we used an OGTT to determine our outcome, given the high intra-individual variation and 

chance of measurement error, we might end up with a less accurate estimate of remission. 

Furthermore, the OGTT is more burdensome to participants, requiring patients to fast overnight 

whereas the HbA1c test does not require any preparation by participants.  

 The run-in period will help ensure that participants who demonstrated high-compliance 

be included in the study, thereby increasing our ability to detect a true effect. Similarly, 

compliance to the study intervention will be frequently assessed throughout the trial. The run-in 

period will also function to reduce the variability in participants’ baseline dietary intake and will 

allow for co-interventions to be standardized and for their effects to be reduced.  

 Many of the existing probiotic trials had a mixed population of individuals with obesity, 

metabolic syndrome, gestational diabetes, prediabetes and T2D. Our carefully defined 

population will enable the results to be tested in a specific and comparable patient population in 

which probiotics may be efficacious.   
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 A number of previously conducted trials also used inappropriate placebos such as 

yogurt. We selected an intervention which would ensure that the placebo is indistinguishable 

from the probiotic treatment in appearance and administration without conferring any potential 

benefits.   

 Although our blinded design will reduce risk of contamination and differential use of 

interventions in the treatment and control group, we will nonetheless be collecting dietary and 

physical activity data which are both potential co-interventions. This will allow us to assess 

whether a possible reduction in the rate of our outcome is due to the influence of co-

interventions in both groups.  

 The selection of our secondary outcomes was done with the objective of exploring if 

probiotics may be conferring their effects through indirect pathways. For instance, both HOMA-

IR and HOMA-B are surrogate markers of insulin resistance and beta-cell function 

respectively129. By measuring changes in these indices we are attempting to contribute data to 

the understanding of the pathophysiology underlying the probiotic-induced remission to 

normoglycemia.  

 The fecal analysis is also a valuable component of our investigation as it will enable us 

to identify whether probiotic supplementation results in shifts in the gut microbiota and whether 

any population shifts are associated with our primary outcome. This information will contribute to 

filling some of the gaps in knowledge related to probiotics.  

 There remains considerable uncertainty regarding effective probiotic strain 

combinations, concentrations and forms. Consequently, we are uncertain of whether the dose of 

probiotics we are administering is high enough to induce prediabetes remission. Even though 

our chosen concentration is one of the highest that we have seen in the literature, the number of 

organisms in the sachets may need to be even higher to induce remission of prediabetes.  

 Although one of our strengths is the minimal burden associated with the outcome 

determination using an HbA1c test at week 20, there is a chance that we may miss those that  
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change status from prediabetes to normoglycemia more than once throughout the trial 

(spontaneous remission and reverting back to prediabetes).  While we won’t be capturing cases 

of transient remission, its occurrence is advantageous to our participants considering that the 

achievement of normoglycemia at least once during an intervention has been associated with a 

56% relative risk reduction in T2D in comparison to individuals who did not achieve remission199. 

Another trial observed a 75% lower incidence of T2D in 24 months compared to individuals who 

did not revert20. 

 Another limitation of using HbA1c rather than OGTT is that we are unable to distinguish 

the basis of prediabetes as IGT, IFG or a combination of the two. The type of glucose 

impairment may result in differences in remission proportions as observed in other studies132. 

These differences are thought to be due to different mechanisms and pathophysiology 

underlying IFG and IGT.  A reoccurring finding from various studies has been that HOMA-IR is 

increased in IFG but not IGT, and HOMA-B tends to be higher in IGT compared to IFG; 

however, this is often attributed to HOMA indices being more likely to reflect the 

pathophysiology of IFG than IGT200–203. Interestingly, in one trial, both HOMA-IR and HOMA-B 

were lower at baseline in participants with prediabetes that reverted compared to those that 

didn’t, regardless of the type of glucose impairement204. The authors believe the lower HOMA-B 

indicates a lower demand on insulin secretion in those that reverted to normoglycemia204.  

 Finally, the inter-individual variation in gut microbiota is one of the major limitations in 

any probiotic and microbiota-based research. It is not clearly understood how this variability may 

influence probiotic function, and ultimately our outcome of remission.  

4.2. CLINICAL IMPLICATIONS AND KNOWLEDGE TRANSLATION  

 
 If our intervention proves to be effective, additional trials are needed to confirm our 

results. However, in the meantime, assuming the incidence of AE’s in our trial is low, the use of  

VSL#3® can be initiated in individuals with prediabetes with minimal concern of harm. Trials that 
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assessed T2D diabetes remission found that a diabetes duration of 2 years or less since 

diagnosis was an important predictor of remission205,206.  It is possible that prediabetes duration 

may also influence odds of remission to normoglycemia, meaning that probiotic therapy may be 

most effective if implemented when individuals are diagnosed.  

 The main knowledge users of our study include healthcare practitioners, researchers in 

the field and patients with prediabetes. We plan to disseminate our findings through a number of 

methods including study publication in a peer-reviewed endocrinology or diabetes-related 

journal as well as through oral and poster presentations in endocrinology and gastroenterology 

conferences and patient symposiums. We will also leverage dissemination through the 

professional and research networks of the study investigators who are dietitians, 

endocrinologists and a gastroenterologist, all of who are trained and involved in clinical 

epidemiology research.   

4.3. GAPS IN KNOWLEDGE AND FUTURE DIRECTIONS 

 Many gaps remain in our understanding of the interactions between probiotics, gut 

microbes and health. The functions of many microbiota and the pathways through which these 

functions are carried out remain largely undetermined.  There is an essential need for additional 

large, sufficiently-powered trials to be conducted with the aim of understanding the activities of 

gut microbiota, particularly in relation to metabolic disorders.   

 Regardless of whether our results show a benefit or not, further research is required to 

confirm the role of probiotics in the prevention of T2D as well as in remission to normoglycemia. 

Future trials should consider using a multi-arm design to test various strain combinations, 

concentrations, forms and durations. It is also necessary for trials to attempt to link health 

outcomes to microbiome changes in order to enhance our understanding of probiotic  

strains and their impact on host microbiome and health. Understanding the way different strains 

function will enable probiotic therapeutics to be tailored to specific diseases and populations and 
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will enhance their application to disease treatment and prevention. The potential for therapeutic 

probiotic use is limited to the strains that have been most frequently studied, namely 

Lactobacillus and Bifidobacteria due to their common and historical use in foods207. More 

attention should be centered on less commonly used strains that have shown promise rather 

than only focusing on the most commonly available strains.  

 The impact of lifestyle factors such as diet and physical activity on the host’s microbiota 

is also not well understood. Understanding how shifts in microbiota can be manipulated to infer 

health benefits is vital to therapeutic developments.  

 If found effective for inducing prediabetes remission, probiotics should be investigated as 

an adjunct therapy in not only the management of T2D but also in T2D remission efforts. A 

number of trials have demonstrated the possibility of T2D remission using an intensive 

pharmacological approach in combination with lifestyle modification208–210. The addition of 

probiotics may act synergistically to propel and augment the diabetes remission process.  

4.4. CONCLUSION 

 
 With the incidence of type 2 diabetes continuing to rise, there is an urgent need for 

heightened efforts to prevent the disease from occurring. Those with prediabetes are at highest 

risk of developing T2D and the current strategies to prevent the progression of prediabetes to 

T2D are not always feasible at the population level. The focus of diabetes prevention should be 

remitting individuals back to normoglycemia rather than maintaining them in prediabetes status. 

The need for alternative or adjunct methods to induce remission to normoglycemia is essential. 

The role of microbiota in metabolic processes presents the potential for therapeutic  

applications of probiotics. To the best of our knowledge, our trial is the first of its kind, 

investigating the effect of a multi-species probiotic on induction of drug-free prediabetes 

remission to normoglycemia. We hope that the results, regardless of what they may be, will 

prompt additional investigations that will add to the knowledge within this field.  If successful, 
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probiotics would offer a therapeutic option for the remission of prediabetes and possibly the 

prevention of T2D that is simple, cheap and easy to incorporate into standard clinical care.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 65 of 91 
 

BIBLIOGRAPHY 

1.  International Diabetes Federation. Diabetes Atlas.; 2013. 

2.  Canadian Diabetes Association. 2015 Report on Diabetes - Driving Change. 2015:1-84. 
https://www.diabetes.ca/getmedia/5a7070f0-77ad-41ad-9e95-ec1bc56ebf85/2015-report-
on-diabetes-driving-change-
english.pdf.aspx%5Cnhttp://www.diabetes.ca/getmedia/5a7070f0-77ad-41ad-9e95-
ec1bc56ebf85/2015-report-on-diabetes-driving-change-english.pdf.aspx. 

3.  Goldenberg R, Punthakee Z. Canadian Diabetes Association 2013 Clinical Practice 
Guidelines for the Prevention and Management of Diabetes in Canada:Definition, 
Classification and Diagnosis of Diabetes, Prediabetes and Metabolic Syndrome. Can J 
Diabetes. 2013;37((suppl.1)):s8-s11. 

4.  Stratton IM, Adler AI, Neil HAW, et al. Association of glycaemia with macrovascular and 
microvascular complications of type 2 diabetes (UKPDS 35): prospective observational 
study. BMJ. 2000;321(7258):405-412. doi:10.1136/bmj.321.7258.405. 

5.  Canadian Diabetic Association. Diabetes: canada at the tipping point. Charting a New 
Path: why we are here and what can be done. Diabetes. 2010:58. 
http://www.diabetes.ca/CDA/media/documents/publications-and-newsletters/advocacy-
reports/canada-at-the-tipping-point-english.pdf. 

6.  Goldenberg R, Punthakee Z. Definition, Classification and Diagnosis of Diabetes, 
Prediabetes and Metabolic Syndrome. Can J Diabetes. 2013;37(SUPPL.1):8-11. 
doi:10.1016/j.jcjd.2013.01.011. 

7.  World Health Organization. Global Report on Diabetes. Isbn. 2016;978:88. doi:ISBN 978 
92 4 156525 7. 

8.  Gerstein HC, Santaguida P, Raina P, et al. Annual incidence and relative risk of diabetes 
in people with various categories  of dysglycemia: a systematic overview and meta-
analysis of prospective studies. Diabetes Res Clin Pract. 2007;78(3):305-312. 
doi:10.1016/j.diabres.2007.05.004. 

9.  IDF. IDF Diabetes Atlas, Seventh Edition. International Diabetes Federation. , 7th edn. 
Brussels, Belgium: International Diabetes Federation, 2015.; 2015. 
doi:10.1289/image.ehp.v119.i03. 

10.  Plantinga LC, Crews DC, Coresh J, et al. Prevalence of Chronic Kidney Disease in US 
Adults with Undiagnosed Diabetes or Prediabetes. Clin J Am Soc Nephrol. 
2010;5(4):673-682. doi:10.2215/CJN.07891109. 

11.  Seshasai SRK, Kaptoge S, Thompson A, et al. Diabetes mellitus, fasting glucose, and 
risk of cause-specific death. N Engl J Med. 2011;364(9):829-841. 
doi:10.1056/NEJMoa1008862. 

12.  Alberti KGMM, Eckel RH, Grundy SM, et al. Harmonizing the metabolic syndrome: a joint 
interim statement of the International Diabetes Federation Task Force on Epidemiology 
and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; 
World Heart Federation; International . Circulation. 2009;120(16):1640-1645. 
doi:10.1161/CIRCULATIONAHA.109.192644. 

13.  Boccara F. Effect of rampiril on the incidence of diabetes. Med Ther - Cardio. 
2007;3(1):40-41. 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 66 of 91 
 

14.  Defronzo R a, Banerji M, Bray G a, et al. Actos Now for the prevention of diabetes (ACT 
NOW) study. BMC Endocr Disord. 2009;9(i):17. doi:10.1186/1472-6823-9-17. 

15.  Diabetes Prevention Program Research Group. 10-year follow-up of diabetes incidence 
and weight loss in the Diabetes Prevention Program Outcomes Study. NIH Public 
Access. 2011;374(9702):1677-1686. doi:10.1016/S0140-6736(09)61457-4.10-year. 

16.  Espinoza SE, Wang C-P, Tripathy D, et al. Pioglitazone is equally effective for diabetes 
prevention in older versus younger adults with impaired glucose tolerance. Age (Omaha). 
2016. doi:10.1007/s11357-016-9946-6. 

17.  Kowall B, Rathmann W, Heier M, et al. Impact of weight and weight change on 
normalization of prediabetes and on persistence of normal glucose tolerance in an older 
population: the KORA S4/F4 study. Int J Obes. 2012;36(6):826-833. 
doi:10.1038/ijo.2011.161. 

18.  Li G, Zhang P, Wang J, et al. The long-term effect of lifestyle interventions to prevent 
diabetes in the China Da Qing Diabetes Prevention Study: a 20-year follow-up study. 
Lancet. 2008;371(9626):1783-1789. doi:10.1016/S0140-6736(08)60766-7. 

19.  Lindström J, Peltonen M, Eriksson JG, et al. Improved lifestyle and decreased diabetes 
risk over 13 years: Long-term follow-up of the randomised Finnish Diabetes Prevention 
Study (DPS). Diabetologia. 2013;56(2):284-293. doi:10.1007/s00125-012-2752-5. 

20.  Nanditha A, Ram J, Snehalatha C, et al. Early improvement predicts reduced risk of 
incident diabetes and improved cardiovascular risk in prediabetic Asian Indian men 
participating in a 2-year lifestyle intervention program. Diabetes Care. 2014;37(11):3009-
3015. doi:10.2337/dc14-0407. 

21.  Perrault L, Kahn SE, Christophi CA, Knowler WC, Hamman RF. Regression From Pre-
Diabetes to Normal. Diabetes Care. 2009;32(9):1583-1588. doi:10.2337/dc09-
0523.Clinical. 

22.  The Diabetes Preventio Program Research Group. The Diabetes Prevention Program. 
Design and methods for a clinical trial in the prevention of type 2 diabetes. Diabetes 
Care. 1999;22(4):623-634. doi:10.2337/diacare.22.4.623 10.2337/diabetes.48.4.699. 

23.  Knowler WC, Barrett-Connor E, Fowler S, et al. Reduction in the incidence of type 2 
diabetes with lifestyle intervention or Metformin. N Engl J Med. 2002;Feb(7):393-403. 
doi:10.1097/OPX.0b013e3182540562.The. 

24.  Tuomilehto J, Lindstrom J, Eriksson JG, et al. Prevention of type 2 diabetes mellitus by 
changes in lifestyle among subjects with impaired glucose tolerance. N Engl J Med. 
2001;344(18):1343-1350. doi:10.1056/NEJM200105033441801. 

25.  Ramachandran A, Snehalatha C, Mary S, Mukesh B, Bhaskar AD, Vijay V. The Indian 
Diabetes Prevention Programme shows that lifestyle modification and metformin prevent 
type 2 diabetes in Asian Indian subjects with impaired glucose tolerance (IDPP-1). 
Diabetologia. 2006;49(2):289-297. doi:10.1007/s00125-005-0097-z. 

26.  Ramachandran A, Snehalatha C, Mary S, et al. Pioglitazone does not enhance the 
effectiveness of lifestyle modification in preventing conversion of impaired glucose 
tolerance to diabetes in Asian Indians: results of the Indian Diabetes Prevention 
Programme-2 (IDPP-2). Diabetologia. 2009;52(6):1019-1026. doi:10.1007/s00125-009-
1315-x. 

27.  Saito T, Watanabe M, Nishida J, et al. Lifestyle modification and prevention of type 2 
diabetes in overweight Japanese with impaired fasting glucose levels: a randomized 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 67 of 91 
 

controlled trial. Arch Intern Med. 2011;171(15):1352-1360. 
doi:10.1001/archinternmed.2011.275. 

28.  Kosaka K, Noda M, Kuzuya T. Prevention of type 2 diabetes by lifestyle intervention: a 
Japanese trial in IGT  males. Diabetes Res Clin Pract. 2005;67(2):152-162. 
doi:10.1016/j.diabres.2004.06.010. 

29.  Knowler WC, Fowler SE, Hamman RF, et al. 10-year follow-up of diabetes incidence and 
weight loss in the Diabetes Prevention Program Outcomes Study. Lancet. 
2009;374(9702):1677-1686. doi:10.1016/S0140-6736(09)61457-4. 

30.  Ransom T, Goldenberg R, Mikalachki A, Prebtani APH, Punthakee Z. Reducing the Risk 
of Developing Diabetes. Can J Diabetes. 2013;37(SUPPL.1):S16-S19. 
doi:10.1016/j.jcjd.2013.01.013. 

31.  Dalle Grave R, Calugi S, Centis E, Marzocchi R, El Ghoch M, Marchesini G. Lifestyle 
modification in the management of the metabolic syndrome: achievements and 
challenges. Diabetes Metab Syndr Obes. 2010;3(November 2010):373-385. 
doi:10.2147/DMSOTT.S13860. 

32.  Wadden TA, Sternberg JA, Letizia KA, Stunkard AJ, Foster GD. Treatment of obesity by 
very low calorie diet, behavior therapy, and their combination: a five-year perspective. Int 
J Obes. 1989;13 Suppl 2:39-46. 

33.  Foster GD, Phelan S, Wadden TA, Gill D, Ermold J, Didie E. Promoting More Modest 
Weight Losses: A Pilot Study. Obes Res. 2004;12(8):1271-1277. 
doi:10.1038/oby.2004.161. 

34.  Di Loreto C, Fanelli C, Lucidi P, et al. Validation of a counseling strategy to promote the 
adoption and the maintenance of physical activity by type 2 diabetic subjects. Diabetes 
Care. 2003;26(2):404-408. 

35.  Wing R, Phelan S. Behavioral treatment of obesity: strategies to improve outcome and 
predictors of success. In: Eckel R, ed. Obesity: Mechanisms and Clinical Management. 
Philadelphia, PA: Lippincott, Williams & Wilkins; 2003:415–435. 

36.  Tabak AG, Herder C, Rathmann W, Brunner EJ, Kivimaki M. Prediabetes: a high-risk 
state for diabetes development. Lancet (London, England). 2012;379(9833):2279-2290. 
doi:10.1016/S0140-6736(12)60283-9. 

37.  Wajchenberg BL. beta-cell failure in diabetes and preservation by clinical treatment. 
Endocr Rev. 2007;28(2):187-218. doi:10.1210/10.1210/er.2006-0038. 

38.  Rossetti L, Giaccari A, DeFronzo R. Glucose toxicity. Diabetes Care. 1990;13(6):610-
630. 

39.  Nauck MA. Unraveling the science of incretin biology. Am J Med. 2009;122(6 Suppl):S3-
S10. doi:10.1016/j.amjmed.2009.03.012. 

40.  Baggio LL, Drucker DJ. Biology of incretins: GLP-1 and GIP. Gastroenterology. 
2007;132(6):2131-2157. doi:10.1053/j.gastro.2007.03.054. 

41.  Vilsboll T, Krarup T, Madsbad S, Holst JJ. Defective amplification of the late phase insulin 
response to glucose by GIP in obese Type II diabetic patients. Diabetologia. 
2002;45(8):1111-1119. doi:10.1007/s00125-002-0878-6. 

42.  Garber A, Henry R, Ratner R, et al. Liraglutide versus glimepiride monotherapy for type 2 
diabetes (LEAD-3 Mono): a randomised, 52-week, phase III, double-blind, parallel-
treatment trial. Lancet (London, England). 2009;373(9662):473-481. doi:10.1016/S0140-



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 68 of 91 
 

6736(08)61246-5. 

43.  Buteau J, El-Assaad W, Rhodes CJ, Rosenberg L, Joly E, Prentki M. Glucagon-like 
peptide-1 prevents beta cell glucolipotoxicity. Diabetologia. 2004;47(5):806-815. 
doi:10.1007/s00125-004-1379-6. 

44.  Farilla L, Bulotta A, Hirshberg B, et al. Glucagon-like peptide 1 inhibits cell apoptosis and 
improves glucose responsiveness of freshly isolated human islets. Endocrinology. 
2003;144(12):5149-5158. doi:10.1210/en.2003-0323. 

45.  Arrieta MC, Bistritz L MJ. Alterations in intestinal permeability. Gut. 2006;55:1512–1520. 

46.  De Kort S, Keszthelyi D, Masclee AAM. Leaky gut and diabetes mellitus: What is the link? 
Obes Rev. 2011;12(6):449-458. doi:10.1111/j.1467-789X.2010.00845.x. 

47.  Calle MC, Fernandez ML. Inflammation and type 2 diabetes. Diabetes Metab. 
2012;38(3):183-191. doi:10.1016/j.diabet.2011.11.006. 

48.  Amar J, Chabo C, Waget A, et al. Intestinal mucosal adherence and translocation of 
commensal bacteria at the early onset of type 2 diabetes: molecular mechanisms and 
probiotic treatment. EMBO Mol Med. 2011;3(9):559-572. doi:10.1002/emmm.201100159. 

49.  Le Barz M, Anhê FF, Varin T V., et al. Probiotics as Complementary Treatment for 
Metabolic Disorders. Diabetes Metab J. 2015;39(4):291. doi:10.4093/dmj.2015.39.4.291. 

50.  Kovatcheva-Datchary P, Arora T. Nutrition, the gut microbiome and the metabolic 
syndrome. Best Pract Res Clin Gastroenterol. 2013;27(1):59-72. 
doi:10.1016/j.bpg.2013.03.017. 

51.  Zhu B, Wang X, Li L. Human gut microbiome: The second genome of human body. 
Protein Cell. 2010;1(8):718-725. doi:10.1007/s13238-010-0093-z. 

52.  Gill S, Pop M, DeBoy R, Eckburg P. Metagenomic analysis of the human distal gut 
microbiome. Science (80- ). 2006;312(5778):1355-1359. 
doi:10.1126/science.1124234.Metagenomic. 

53.  O’Hara AM, Shanahan F. The gut flora as a forgotten organ. EMBO Rep. 2006;7(7):688-
693. doi:7400731 [pii]\r10.1038/sj.embor.7400731. 

54.  Guarner F, Malagelada J. Gut flora in health and disease. Lancet. 2003;361:512-519. 
http://www.sciencedirect.com/science/article/pii/S0140673603124890. 

55.  Palmer C, Bik EM, DiGiulio DB, Relman DA, Brown PO. Development of the human 
infant intestinal microbiota. PLoS Biol. 2007;5(7):1556-1573. 
doi:10.1371/journal.pbio.0050177. 

56.  Walker AW, Ince J, Duncan SH, et al. Dominant and diet-responsive groups of bacteria 
within the human colonic microbiota. ISME J. 2011;5(2):220-230. 
doi:10.1038/ismej.2010.118. 

57.  Zoetendal E, de Vos W, Vaughan E. A microbial world within us. Mol Microbiol. 
2006;6:1639–1650. 

58.  Zoetendal E, Rajilic-Stojanovic, de Vos W. High throughput diversity and functionality 
analysis of the gastrointestinal tract microbiota. Gut. 2008;57(1605-1665). 

59.  Diamant M, Blaak EE, de Vos WM. Do nutrient-gut-microbiota interactions play a role in 
human obesity, insulin resistance and type 2 diabetes? Obes Rev. 2011;12(4):272-281. 
doi:10.1111/j.1467-789X.2010.00797.x. 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 69 of 91 
 

60.  Wong JM, de Souza R, Kendall CW, Emam A, Jenkins DJ. Colonic health: fermentation 
and short chain fatty acids. J Clin Gastroenterol. 2006;40(3):235-243. doi:00004836-
200603000-00015 [pii]. 

61.  E Pouteau , P Nguyen, O Ballevre, M Krempf. Production rates and metabolism of short-
chain fatty acids in the colon and whole body using stable isotopes. Proc Nutr Soc. 
2003;(62):87–93. 

62.  Schwiertz A, Taras D, Schafer K, et al. Microbiota and SCFA in lean and overweight 
healthy subjects. Obes (Silver Spring). 2010;18(1):190-195. doi:10.1038/oby.2009.167. 

63.  Tolhurst G, Heffron H, Lam YS, et al. Short-chain fatty acids stimulate glucagon-like 
peptide-1 secretion via the G-protein-coupled receptor FFAR2. Diabetes. 2012;61(2):364-
371. doi:10.2337/db11-1019. 

64.  Cani PD, Lecourt E, Dewulf EM, et al. Gut microbiota fermentation of prebiotics increases 
satietogenic and incretin gut peptide production with consequences for appetite sensation 
and glucose response after a meal. Am J Clin Nutr. 2009;90(5):1236-1243. 
doi:10.3945/ajcn.2009.28095. 

65.  Yokoyama MT, Carlson JR. Microbial metabolites of tryptophan in the intestinal tract with 
special reference to skatole. Am J Clin Nutr. 1979;32(1):173-178. 

66.  Thomas C, Gioiello A, Noriega L, et al. TGR5-mediated bile acid sensing controls glucose 
homeostasis. Cell Metab. 2009;10(3):167-177. doi:10.1016/j.cmet.2009.08.001. 

67.  De Vadder F, Kovatcheva-Datchary P, Goncalves D, et al. Microbiota-Generated 
Metabolites Promote Metabolic Benefits via Gut-Brain Neural Circuits. Cell. 
2017;156(1):84-96. doi:10.1016/j.cell.2013.12.016. 

68.  Lassenius MI, Pietiläinen KH, Kaartinen K, et al. Bacterial Endotoxin Activity in Human 
Serum Is Associated With Dyslipidemia, Insulin Resistance, Obesity, and Chronic 
Inflammation. Diabetes Care. 2011;34(8):1809-1815. doi:10.2337/dc10-2197. 

69.  Cani PD, Bibiloni R, Knauf C, et al. Changes in Gut Microbiota Control Metabolic 
Endotoxemia-Induced Inflammation in High-Fat Diet–Induced Obesity and Diabetes in 
Mice. Diabetes. 2008;57(6):1470 LP-1481. 
http://diabetes.diabetesjournals.org/content/57/6/1470.abstract. 

70.  Amar J, Burcelin R, Ruidavets JB, et al. Energy intake is associated with endotoxemia in 
apparently healthy men. Am J Clin Nutr. 2008;87(5):1219-1223. 
http://www.ncbi.nlm.nih.gov/pubmed/18469242. 

71.  Vrieze A, Out C, Fuentes S, et al. Impact of oral vancomycin on gut microbiota, bile acid 
metabolism, and insulin sensitivity. J Hepatol. 2014;60(4):824-831. 
doi:10.1016/j.jhep.2013.11.034. 

72.  Creely SJ, McTernan PG, Kusminski CM, et al. Lipopolysaccharide activates an innate 
immune system response in human adipose tissue in obesity and type 2 diabetes. Am J 
Physiol Endocrinol Metab. 2007;292(3):E740-7. doi:10.1152/ajpendo.00302.2006. 

73.  Fogelstrand L, Hulthe J, Hultén LM, Wiklund O, Fagerberg B. Monocytic expression of 
CD14 and CD18, circulating adhesion molecules and inflammatory markers in women 
with diabetes mellitus and impaired glucose tolerance. Diabetologia. 2004;47(11):1948-
1952. doi:10.1007/s00125-004-1553-x. 

74.  Cani PD, Neyrinck AM, Fava F, et al. Selective increases of bifidobacteria in gut 
microflora improve high-fat-diet-induced diabetes in mice through a mechanism 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 70 of 91 
 

associated with endotoxaemia. Diabetologia. 2007;50(11):2374-2383. 
doi:10.1007/s00125-007-0791-0. 

75.  Cani PD, Delzenne NM. The gut microbiome as therapeutic target. Pharmacol Ther. 
2011;130(2):202-212. 

76.  Drucker DJ. Biologic actions and therapeutic potential of the proglucagon-derived 
peptides. Nat Rev Endocrinol. 2005;1(1):22-31. 

77.  Tsai CH, Hill M, Asa SL, Brubaker PL, Drucker DJ. Intestinal growth-promoting properties 
of glucagon-like peptide-2 in mice. Am J Physiol. 1997;273(1 Pt 1):E77-84. 

78.  Hamer HM, Jonkers DM, Bast A, Vanhoutvin SA, Fischer MA, Kodde A, Troost FJ, 
Venema K BR. Butyrate modulates oxidative stress in the colonic mucosa of healthy 
humans. Clin Nutr. 2009;(28):88–93. 

79.  Karlsson FH, Tremaroli V, Nookaew I, et al. Gut metagenome in European women with 
normal, impaired and diabetic glucose control. Nature. 2013;498(7452):99-103. 
http://dx.doi.org/10.1038/nature12198. 

80.  Larsen N, Vogensen FK, van den Berg FWJ, et al. Gut microbiota in human adults with 
type 2 diabetes differs from non-diabetic adults. PLoS One. 2010;5(2):e9085. 
doi:10.1371/journal.pone.0009085. 

81.  Zeuthen LH, Christensen HR, Frokiaer H. Lactic acid bacteria inducing a weak 
interleukin-12 and tumor necrosis factor alpha response in human dendritic cells inhibit 
strongly stimulating lactic acid bacteria but act synergistically with gram-negative 
bacteria. Clin Vaccine Immunol. 2006;13(3):365-375. doi:10.1128/CVI.13.3.365-
375.2006. 

82.  Qin J, Li Y, Cai Z, et al. A metagenome-wide association study of gut microbiota in type 2 
diabetes. Nature. 2012;490(7418):55-60. http://dx.doi.org/10.1038/nature11450. 

83.  Vrieze A, Van Nood E, Holleman F, et al. Transfer of Intestinal Microbiota From Lean 
Donors Increases Insulin Sensitivity in Individuals With Metabolic Syndrome. 
Gastroenterology. 2012;143(4):913-916.e7. doi:10.1053/j.gastro.2012.06.031. 

84.  Amar J, Serino M, Lange C, et al. Involvement of tissue bacteria in the onset of diabetes 
in humans: evidence for a concept. Diabetologia. 2011;54(12):3055-3061. 
doi:10.1007/s00125-011-2329-8. 

85.  Holzapfel WH, Holzapfel WH, Haberer P, et al. Overview of gut ora and probiotics. Int J 
Food Microbiol. 1998;41:85-101. doi:10.1016/S0168-1605(98)00044-0. 

86.  FAO/WHO. Probiotics in food. Food Nutr Pap. 2001;85:71. 
doi:10.1201/9781420009613.ch16. 

87.  Goossens D, Jonkers D, Russel M, Stobberingh E, Stockbrugger R. The effect of a 
probiotic drink with Lactobacillus plantarum 299v on the bacterial composition in faeces 
and mucosal biopsies of rectum and ascending colon. Aliment Pharmacol Ther. 
2006;23:255–263. 

88.  Roberfroid M, Gibson GR, Hoyles L, et al. Prebiotic effects: metabolic and health 
benefits. Br J Nutr. 2010;104 Suppl:S1-63. doi:10.1017/S0007114510003363. 

89.  Cummings JH, Macfarlane GT. The control and consequences of bacterial fermentation 
in the human colon. J Appl Bacteriol. 1991;70(6):443-459. doi:10.1111/j.1365-
2672.1991.tb02739.x. 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 71 of 91 
 

90.  Vyas U, Ranganathan N. Probiotics, prebiotics, and synbiotics: Gut and beyond. 
Gastroenterol Res Pract. 2012;2012. doi:10.1155/2012/872716. 

91.  Pandey KR, Naik SR, Vakil B V. Probiotics, prebiotics and synbiotics- a review. J Food 
Sci Technol. 2015;52(12):7577-7587. doi:10.1007/s13197-015-1921-1. 

92.  Niittynen L, Kajander K, Korpela R. Galacto-oligosaccharides and bowel function. Scand 
J Food Nutr. 2007;51(2):62-66. doi:10.1080/17482970701414596. 

93.  Asemi Z, Samimi M, Tabassi Z, et al. Effect of daily consumption of probiotic yoghurt on 
insulin resistance in pregnant women: a randomized controlled trial. Eur J Clin Nutr. 
2013;67(1):71-74. doi:ejcn2012189 [pii]\r10.1038/ejcn.2012.189. 

94.  Ejtahed HS, Mohtadi-Nia J, Homayouni-Rad A, Niafar M, Asghari-Jafarabadi M, Mofid V. 
Probiotic yogurt improves antioxidant status in type 2 diabetic patients. Nutrition. 
2012;28(5):539-543. doi:10.1016/j.nut.2011.08.013. 

95.  Mohamadshahi M, Veissi M, Haidari F, Shahbazian H, Kaydani GA, Mohammadi F. 
Effects of probiotic yogurt consumption on inflammatory biomarkers in patients with type 
2 diabetes. BioImpacts. 2014;4(2):83-88. doi:10.5681/bi.2014.007. 

96.  Ostadrahimi A, Taghizadeh A, Mobasseri M, et al. Effect of probiotic fermented milk 
(Kefir) on glycemic control and lipid profile in type 2 diabetic patients: A randomized 
double-blind placebo-controlled clinical trial. Iran J Public Health. 2015;44(2):228-237. 

97.  Asemi Z, Zare Z, Shakeri H, Sabihi SS, Esmaillzadeh A. Effect of multispecies probiotic 
supplements on metabolic profiles, hs-CRP, and oxidative stress in patients with type 2 
diabetes. Ann Nutr Metab. 2013;63(1-2):1-9. doi:10.1159/000349922. 

98.  Judiono, Hadisaputro S, Ks I, Cahyono B, Suzery M. Effects of Clear Kefir on 
Biomolecular Aspects of Glycemic Status of Type 2 Diabetes Mellitus ( T2DM ) Patients 
in Bandung , West Java [ Study on Human Blood Glucose , c Peptide and Insulin ]. Funct 
Foods Heal Dis. 2014;4(8):340-348. 

99.  Tonucci LB, Olbrich dos Santos KM, Licursi de Oliveira L, Rocha Ribeiro SM, Duarte 
Martino HS. Clinical application of probiotics in type 2 diabetes mellitus: A randomized, 
double-blind, placebo-controlled study. Clin Nutr. 2015. doi:10.1016/j.clnu.2015.11.011. 

100.  Andreasen AS, Larsen N, Pedersen-Skovsgaard T, et al. Effects of Lactobacillus 
acidophilus NCFM on insulin sensitivity and the systemic inflammatory response in 
human subjects. Br J Nutr. 2010;104(12):1831-1838. doi:10.1017/S0007114510002874. 

101.  Sun J, Buys N. Glucose- and glycaemic factor-lowering effects of probiotics on diabetes: 
a meta-analysis of randomised placebo-controlled trials. Br J Nutr. 2016;115(7):1167-
1177. doi:http://dx.doi.org/10.1017/S0007114516000076. 

102.  Jung S-P, Lee K-M, Kang J-H, et al. Effect of Lactobacillus gasseri BNR17 on Overweight 
and Obese Adults: A Randomized, Double-Blind Clinical Trial. Korean J Fam Med. 
2013;34(2):80. doi:10.4082/kjfm.2013.34.2.80. 

103.  Tripolt NJ, Leber B, Triebl A, Köfeler H, Stadlbauer V, Sourij H. Effect of Lactobacillus 
casei Shirota supplementation on trimethylamine-N-oxide levels in patients with metabolic 
syndrome: An open-label, randomized study. Atherosclerosis. 2015;242(1):141-144. 
doi:10.1016/j.atherosclerosis.2015.05.005. 

104.  Luo J, Rizkalla SW, Alamowitch C, et al. Chronic consumption of short-chain 
fructooligosaccharides by healthy subjects decreased basal hepatic glucose production 
but had no effect on insulin-stimulated glucose metabolism. Am J Clin Nutr. 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 72 of 91 
 

1996;63(6):939-945. 

105.  Luo J, Van Yperselle M, Rizkalla SW, Rossi F, Bornet FR, Slama G. Chronic 
consumption of short-chain fructooligosaccharides does not affect basal hepatic glucose 
production or insulin resistance in type 2 diabetics. J Nutr. 2000;130(6):1572-1577. 

106.  Nilsson AC, Ostman EM, Holst JJ, Bjorck IME. Including indigestible carbohydrates in the 
evening meal of healthy subjects improves glucose tolerance, lowers inflammatory 
markers, and increases satiety after a subsequent standardized breakfast. J Nutr. 
2008;138(4):732-739. 

107.  Giacco R, Clemente G, Luongo D, et al. Effects of short-chain fructo-oligosaccharides on 
glucose and lipid metabolism in mild hypercholesterolaemic individuals. Clin Nutr. 
2004;23(3):331-340. doi:10.1016/j.clnu.2003.07.010. 

108.  Beserra BTS, Fernandes R, do Rosario VA, Mocellin MC, Kuntz MGF, Trindade EBSM. A 
systematic review and meta-analysis of the prebiotics and synbiotics effects on 
glycaemia, insulin concentrations and lipid parameters in adult patients with overweight or 
obesity. Clin Nutr. 2015;34(5):845-858. doi:10.1016/j.clnu.2014.10.004. 

109.  Nikbakht E, Khalesi S, Singh I, Williams LT, West NP, Colson N. Effect of probiotics and 
synbiotics on blood glucose: a systematic review and meta-analysis of controlled trials. 
Eur J Nutr. September 2016. doi:10.1007/s00394-016-1300-3. 

110.  Yadav H, Lee J-H, Lloyd J, Walter P, Rane SG. Beneficial Metabolic Effects of a Probiotic 
via Butyrate-induced GLP-1 Hormone Secretion. J Biol Chem. 2013;288(35):25088-
25097. doi:10.1074/jbc.M113.452516. 

111.  Mencarelli A, Cipriani S, Renga B, et al. VSL#3 Resets Insulin Signaling and Protects 
against NASH and Atherosclerosis in a Model of Genetic Dyslipidemia and Intestinal 
Inflammation. PLoS One. 2012;7(9). doi:10.1371/journal.pone.0045425. 

112.  Rajkumar H, Mahmood N, Kumar M, Varikuti SR, Challa HR, Myakala SP. Effect of 
probiotic (VSL#3) and omega-3 on lipid profile, insulin sensitivity, inflammatory markers, 
and gut colonization in overweight adults: a randomized, controlled trial. Mediators 
Inflamm. 2014;2014:348959. doi:10.1155/2014/348959. 

113.  Jafarnejad S, Saremi S, Jafarnejad F, Arab A. Effects of a Multispecies Probiotic Mixture 
on Glycemic Control and Inflammatory Status in Women with Gestational Diabetes: A 
Randomized Controlled Clinical Trial. J Nutr Metab. 2016;2016:1-8. 
doi:10.1155/2016/5190846. 

114.  Reid G. Probiotics and prebiotics - Progress and challenges. Int Dairy J. 2008;18(10-
11):969-975. doi:10.1016/j.idairyj.2007.11.025. 

115.  Osterberg KL, Boutagy NE, McMillan RP, et al. Probiotic supplementation attenuates 
increases in body mass and fat mass during high-fat diet in healthy young adults. 
Obesity. 2015;23(12):2364-2370. doi:10.1002/oby.21230. 

116.  Ferring Pharmaceuticals. VSL#3. VSL#3.ca. Published 2017. 

117.  Eriksson J, Lindström J, Valle T, et al. Prevention of Type II diabetes in subjects with 
impaired glucose tolerance: the Diabetes Prevention Study (DPS) in Finland Study 
design and 1-year interim report on the feasibility of the lifestyle intervention programme. 
Diabetologia. 1999;42(7):793-801. doi:10.1007/s001250051229. 

118.  McFarlane P, Gilbert RE, MacCallum L, Senior P. Chronic Kidney Disease in Diabetes. 
Can J Diabetes. 2013;37(SUPPL.1):S129-S136. doi:10.1016/j.jcjd.2013.01.037. 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 73 of 91 
 

119.  Snydman DR. The Safety of Probiotics. Clin Infect Dis. 2008;46(Supplement_2):S104-
S111. http://dx.doi.org/10.1086/523331. 

120.  Butt P, Beirness D, Gliksman L, Paradis C, Stockwell T. Alcohol and Health in Canada: A 
Summary of Evidence and Guidelines for Low-Risk Drinking.; 2011. 
doi:10.1093/rheumatology/kep012. 

121.  Bibiloni R, Fedorak RN, Tannock GW, et al. VSL#3 Probiotic-Mixture Induces Remission 
in Patients with Active Ulcerative Colitis. Am J Gastroenterol. 2005;100(7):1539-1546. 
doi:10.1111/j.1572-0241.2005.41794.x. 

122.  Brigidi P, Vitali B, Swennen E, Bazzocchi G, Matteuzzi D. Effects of probiotic 
administration upon the composition and enzymatic activity of human fecal microbiota in 
patients with irritable bowel syndrome or functional diarrhea. Res Microbiol. 
2001;152(8):735-741. doi:10.1016/S0923-2508(01)01254-2. 

123.  Lang JM. THE USE OF A RUN-IN TO ENHANCE COMPLIANCE. 1990;9:87-95. 

124.  Osterberg L, Blaschke T. Adherence to Medication. N Engl J Med. 2005;353(5):487-497. 
doi:10.1056/NEJMra050100. 

125.  MATSUMOTO M, INOUE R, TSUKAHARA T, et al. Voluntary Running Exercise Alters 
Microbiota Composition and Increases n-Butyrate Concentration in the Rat Cecum. Biosci 
Biotechnol Biochem. 2008;72(2):572-576. doi:10.1271/bbb.70474. 

126.  Petriz BA, Castro AP, Almeida JA, et al. Exercise induction of gut microbiota 
modifications in obese, non-obese and hypertensive rats. BMC Genomics. 
2014;15(1):511. doi:10.1186/1471-2164-15-511. 

127.  Clarke SF, Murphy EF, O&#039;Sullivan O, et al. Exercise and associated dietary 
extremes impact on gut microbial diversity. Gut. June 2014. 
http://gut.bmj.com/content/early/2014/04/29/gutjnl-2013-306541.abstract. 

128.  Song Y, Manson JE, Tinker L, et al. Insulin Sensitivity and Insulin Secretion Determined 
by Homeostasis Model Assessment (HOMA) and Risk of Diabetes in a Multiethnic Cohort 
of Women: The Women’s Health Initiative Observational Study. Diabetes Care. 
2007;30(7):1747-1752. doi:10.2337/dc07-0358. 

129.  Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA modeling. Diabetes Care. 
2004;27(6):1487-1495. 

130.  Cersosimo E, Solis-Herrera C, Trautmann ME, Malloy J, Triplitt CL. Assessment of 
Pancreatic β-Cell Function: Review of Methods and Clinical Applications. Curr Diabetes 
Rev. 2014;10(1):2-42. doi:10.2174/1573399810666140214093600. 

131.  Kadooka Y, Sato M, Imaizumi K, et al. Regulation of abdominal adiposity by probiotics 
(Lactobacillus gasseri SBT2055) in adults with obese tendencies in a randomized 
controlled trial. Eur J Clin Nutr. 2010;64(6):636-643. doi:10.1038/ejcn.2010.19. 

132.  Janghorbani M, Amini M. Normalization of glucose intolerance in first-degree relatives of 
patients with type 2 diabetes. Diabetes Res Clin Pract. 2010;88(3):295-301. 
doi:10.1016/j.diabres.2010.01.025. 

133.  Alvarsson M, Hilding A, ?stenson C-G. Factors determining normalization of glucose 
intolerance in middle-aged Swedish men and women: a 8-10-year follow-up. Diabet Med. 
2009;26(4):345-353. doi:10.1111/j.1464-5491.2009.02685.x. 

134.  Wong MS, Gu K, Heng D, Chew SK, Chew LS, Tai ES. The Singapore Impaired Glucose 
Tolerance Follow-Up Study: Does the ticking clock go backward as well as forward? 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 74 of 91 
 

Diabetes Care. 2003;26(11):3024-3030. doi:10.2337/diacare.26.11.3024. 

135.  Mardini HE, Grigorian AY. Probiotic Mix VSL#3 Is Effective Adjunctive Therapy for Mild to 
Moderately Active Ulcerative Colitis. Inflamm Bowel Dis. 2014;20(9):1562-1567. 
doi:10.1097/MIB.0000000000000084. 

136.  Ma W-Y, Yang C-Y, Shih S-R, et al. Measurement of Waist Circumference: Midabdominal 
or iliac crest? Diabetes Care. 2013;36(6):1660-1666. doi:10.2337/dc12-1452. 

137.  Gorzelak MA, Gill SK, Tasnim N, Ahmadi-Vand Z, Jay M, Gibson DL. Methods for 
Improving Human Gut Microbiome Data by Reducing Variability through Sample 
Processing and Storage of Stool. Heimesaat MM, ed. PLoS One. 2015;10(8):e0134802. 
doi:10.1371/journal.pone.0134802. 

138.  Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, Gordon JI. The Effect of Diet on 
the Human Gut Microbiome: A Metagenomic Analysis in Humanized Gnotobiotic Mice. 
Sci Transl Med. 2009;1(6):6ra14-6ra14. doi:10.1126/scitranslmed.3000322. 

139.  Bressa C, Bailén-Andrino M, Pérez-Santiago J, et al. Differences in gut microbiota profile 
between women with active lifestyle and sedentary women. Dasgupta S, ed. PLoS One. 
2017;12(2):e0171352. doi:10.1371/journal.pone.0171352. 

140.  Cleland CL, Hunter RF, Kee F, Cupples ME, Sallis JF, Tully MA. Validity of the Global 
Physical Activity Questionnaire (GPAQ) in assessing levels and change in moderate-
vigorous physical activity and sedentary behaviour. BMC Public Health. 2014;14(1):1255. 
doi:10.1186/1471-2458-14-1255. 

141.  Wong M-S, Gu K, Heng D, Chew S-K, Chew L-S, Tai ES. The Singapore Impaired 
Glucose Tolerance Follow-Up Study. Diabetes Care. 2003;26(11):3024 LP-3030. 
http://care.diabetesjournals.org/content/26/11/3024.abstract. 

142.  Gerstein HC, Yusuf S, Bosch J, et al. Effect of rosiglitazone on the frequency of diabetes 
in patients with impaired glucose tolerance or impaired fasting glucose: a randomised 
controlled trial. Lancet. 2006;368(9541):1096-1105. doi:10.1016/S0140-6736(06)69420-
8. 

143.  Group DPPR. 10-year follow-up of diabetes incidence and weight loss in the Diabetes 
Prevention Program Outcomes Study. Lancet. 2009;374(9702):1677-1686. 
doi:10.1016/S0140-6736(09)61457-4. 

144.  Forouhi NG, Luan J, Hennings S, Wareham NJ. Incidence of Type 2 diabetes in England 
and its association with baseline impaired fasting glucose: The Ely study 1990-2000. 
Diabet Med. 2007;24(2):200-207. doi:10.1111/j.1464-5491.2007.02068.x. 

145.  Armato J, DeFronzo R a., Abdul-Ghani M, Ruby R. Successful Treatment of Prediabetes 
in Clinical Practice: Targeting Insulin Resistance and β-Cell Dysfunction. Endocr Pract. 
2011;18(3):342-350. doi:10.4158/EP11194.OR. 

146.  Diabetes Prevention Program Research Group. Reduction in the Incidence of Type 2 
Diabetes With Lifestyle Intervention or Metformin. English J. 2002;346(6):393-403. 

147.  Shimizu S, Kawata Y, Kawakami N, Aoyama H. Effects of changes in obesity and 
exercise on the development of diabetes and return to normal fasting plasma glucose 
levels at one-year follow-up in middle-aged subjects with impaired fasting glucose. 
Environ Health Prev Med. 2001;6(2):127-131. doi:10.1007/BF02897959. 

148.  Thabane L, Mbuagbaw L, Zhang S, et al. A tutorial on sensitivity analyses in clinical trials: 
the what, why, when and how. BMC Med Res Methodol. 2013;13(1):92. 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 75 of 91 
 

doi:10.1186/1471-2288-13-92. 

149.  Montori VM, Guyatt GH. Intention-to-treat principle. 2001;165(10):1339-1341. 

150.  Mandal S, Van Treuren W, White RA, Eggesbø M, Knight R, Peddada SD. Analysis of 
composition of microbiomes: a novel method for studying microbial composition. Microb 
Ecol Health Dis. 2015;26:27663. doi:10.3402/mehd.v26.27663. 

151.  Conlon MA, Bird AR. The Impact of Diet and Lifestyle on Gut Microbiota and Human 
Health. Nutrients. 2015;7(1):17-44. doi:10.3390/nu7010017. 

152.  Cani PD, Amar J, Iglesias MA, et al. Metabolic endotoxemia initiates obesity and insulin 
resistance. Diabetes. 2007;56(7):1761-1772. doi:10.2337/db06-1491. 

153.  Moreira APB, Texeira TFS, Ferreira AB, do Carmo Gouveia Peluzio M, de Cássia 
Gonçalves Alfenas R. Influence of a high-fat diet on gut microbiota, intestinal permeability 
and metabolic endotoxaemia. Br J Nutr. 2012;108(5):801-809. 
doi:10.1017/S0007114512001213. 

154.  Huang E, Leone V, Devkota S, Wang Y, Brady M, Chang E. Composition of Dietary Fat 
Source Shapes Gut Microbiota Architecture and Alters Host Inflammatory Mediators in 
Mouse Adipose Tissue. JPEN J Parenter Enteral Nutr. 
2013;37(6):10.1177/0148607113486931. doi:10.1177/0148607113486931. 

155.  David LA, Maurice CF, Carmody RN, et al. Diet rapidly and reproducibly alters the human 
gut microbiome. Nature. 2014;505(7484):559-563. doi:10.1038/nature12820. 

156.  Manson JE, Nathan DM, Krolewski AS, Stampfer MJ, Willett WC, Hennekens CH. A 
prospective study of exercise and incidence of diabetes among US male physicians. 
JAMA. 1992;268(1):63-67. 

157.  Mayer-davis EJ, Agostino RD, Karter AJ, et al. Intensity and Amount of Physical Activity 
in Relation to Insulin Sensitivity The Insulin Resistance Atherosclerosis Study. 
1998;279(9):669-674. 

158.  Subar AF, Thompson FE, Kipnis V, Midthune D, Hurwitz P, Mcnutt S. Comparative 
Validation of the Block, Willett , and National Cancer Institute The  Eating at America ’ s 
Table Study. Am J Epidemiol. 2001;154(12):1089-1099. 

159.  Wrieden W, Peace H, Armstrong J, Barton K. A short review of dietary assessment 
methods used in National and Scottish Research Studies. … Gr Monit Scottish Diet …. 
2003;(September):1-17. 
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:A+short+review+of+diet
ary+assessment+methods+used+in+National+and+Scottish+Research+Studies#0. 

160.  Ocke MC, Bueno-de-Mesquita HB, Goddijn HE, et al. The Dutch EPIC food frequency 
questionnaire. I. Description of the questionnaire, and relative validity and reproducibility 
for food groups. Int J Epidemiol. 1997;26 Suppl 1:S37-48. 

161.  Bingham SA, Luben R, Welch A, Wareham N, Khaw K-T, Day N. Are imprecise methods 
obscuring a relation between fat and breast cancer? Lancet (London, England). 
2003;362(9379):212-214. doi:10.1016/S0140-6736(03)13913-X. 

162.  Buzzard M. 24-hour dietary recall and food record methods. In: Nutritional Epidemiology. 
New York: Oxford University Press; 1998:50-73. 

163.  Pannucci CJ, Wilkins EG. Identifying and Avoiding Bias in Research. Plast Reconstr 
Surg. 2010;126(2):619-625. doi:10.1097/PRS.0b013e3181de24bc. 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 76 of 91 
 

164.  Corder K, Brage S, Ekelund U. Accelerometers and pedometers: methodology and 
clinical application. Curr Opin Clin Nutr Metab Care. 2007;10(5):597-603. 
doi:10.1097/MCO.0b013e328285d883. 

165.  Trost SG. State of the Art Reviews: Measurement of Physical Activity in Children and 
Adolescents. Am J Lifestyle Med. 2007;1(4):299-314. doi:10.1177/1559827607301686. 

166.  Sylvia LG, Bernstein EE, Hubbard JL, Keating L, Anderson EJ. A Practical Guide to 
Measuring Physical Activity. J Acad Nutr Diet. 2014;114(2):199-208. 
doi:10.1016/j.jand.2013.09.018. 

167.  Tudor-Locke C, Brashear MM, Johnson WD, Katzmarzyk PT. Accelerometer profiles of 
physical activity and inactivity in normal weight, overweight, and obese U.S. men and 
women. Int J Behav Nutr Phys Act. 2010;7:60. doi:10.1186/1479-5868-7-60. 

168.  Sternfeld B, Goldman-Rosas L. A systematic approach to selecting an appropriate 
measure of self-reported physical activity or sedentary behavior. J Phys Act Heal. 2012;9 
Suppl 1(Suppl 1):S19-28. doi:10.1123/jpah.9.s1.s19. 

169.  Armstrong T, Bull F. Development of the World Health Organisation Global Physical 
Activity Questionnaire (GPAQ). J Public Heal. 2006;14. doi:10.1007/s10389-006-0024-x. 

170.  Dominianni C, Wu J, Hayes RB, Ahn J. Comparison of methods for fecal microbiome 
biospecimen collection. BMC Microbiol. 2014;14:103. doi:10.1186/1471-2180-14-103. 

171.  Allison JE. Review article: faecal occult blood testing for colorectal cancer. Aliment 
Pharmacol Ther. 1998;12(1):1-10. 

172.  Roesch LFW, Casella G, Simell O, et al. Influence of Fecal Sample Storage on Bacterial 
Community Diversity. Open Microbiol J. 2009;3:40-46. 
doi:10.2174/1874285800903010040. 

173.  Wu GD, Lewis JD, Hoffmann C, et al. Sampling and pyrosequencing methods for 
characterizing bacterial communities in the human gut using 16S sequence tags. BMC 
Microbiol. 2010;10:206. doi:10.1186/1471-2180-10-206. 

174.  Salter SJ, Cox MJ, Turek EM, et al. Reagent and laboratory contamination can critically 
impact sequence-based microbiome analyses. BMC Biol. 2014;12:87. 
doi:10.1186/s12915-014-0087-z. 

175.  Sacks D. Carbohydrates. In: Tietz Textbook of Clinical Chemistry and Molecular 
Diagnostics. St. Louis: Elsevier Saunders; 2006:837–902. 

176.  Sacks DB. A1C versus glucose testing: A comparison. Diabetes Care. 2011;34(2):518-
523. doi:10.2337/dc10-1546. 

177.  Selvin E. Short-term Variability in Measures of Glycemia and Implications for the 
Classification of Diabetes. Arch Intern Med. 2007;167(14):1545. 
doi:10.1001/archinte.167.14.1545. 

178.  Lacher DA, Hughes JP, Carroll MD. Estimate of biological variation of laboratory analytes 
based on the third national health and nutrition examination survey. Clin Chem. 
2005;51(2):450-452. doi:10.1373/clinchem.2004.039354. 

179.  Young DS, Bermes EWJ. Preanalytical variables and biological variation. In: Teitz 
Textbook of Clinical Chemistry and Molecular Diagnostics . St. Louis: Elsevier Saunders; 
2006:449-474. doi:10.1016/B978-1-4160-6164-9.00006-8. 

180.  Dungan K, Braithwaite S, Preiser J-C. Stress hyperglycaemia. Lancet. 2012;34(1):13-23. 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 77 of 91 
 

doi:10.1016/j.immuni.2010.12.017.Two-stage. 

181.  Nathan DM, Kuenen J, Borg R, Zheng H, Schoenfeld D, Heine RJ. Translating the A1C 
assay into estimated average glucose values. Diabetes Care. 2008;31(8):1473-1478. 
doi:10.2337/dc08-0545. 

182.  Kilpatrick ES, Maylor PW, Keevil BG. Biological variation of glycated hemoglobin. 
Implications for diabetes screening  and monitoring. Diabetes Care. 1998;21(2):261-264. 

183.  Cohen RM, Smith EP. Frequency of HbA1c discordance in estimating blood glucose 
control. Curr Opin Clin Nutr Metab Care. 2008;11(4):512-517. 
doi:10.1097/MCO.0b013e32830467bd. 

184.  Rodriguez-Segade S, Rodriguez J, Garcia-Lopez JM, et al. Influence of the glycation gap 
on the diagnosis of type 2 diabetes. Acta Diabetol. 2015;52(3):453-459. 
doi:10.1007/s00592-014-0666-z. 

185.  Herman WH, Ma Y, Uwaifo G, et al. Differences in A1C by race and ethnicity among 
patients with impaired glucose tolerance in the Diabetes Prevention Program. Diabetes 
Care. 2007;30(10):2453-2457. doi:10.2337/dc06-2003. 

186.  Ziemer DC, Kolm P, Weintraub WS, et al. Glucose-independent, black-white differences 
in hemoglobin A1c levels: a cross-sectional analysis of 2 studies. Ann Intern Med. 
2010;152(12):770-777. doi:10.7326/0003-4819-152-12-201006150-00004. 

187.  Gallagher EJ, Le Roith D, Bloomgarden Z. Review of hemoglobin A(1c) in the 
management of diabetes. J Diabetes. 2009;1(1):9-17. doi:10.1111/j.1753-
0407.2009.00009.x. 

188.  Kanat M, Winnier D, Norton L, et al. The Relationship Between β-Cell Function and 
Glycated Hemoglobin: Results from the Veterans Administration Genetic Epidemiology 
Study. Diabetes Care. 2011;34(4):1006-1010. doi:10.2337/dc10-1352. 

189.  DeFronzo R a., Tripathy D, Schwenke DC, et al. Pioglitazone for Diabetes Prevention in 
Impaired Glucose Tolerance. Nejm. 2011;364:1104. 
http://www.nejm.org/doi/pdf/10.1056/NEJMoa1010949. 

190.  Barriuso J, Valverde JR, Mellado RP. Estimation of bacterial diversity using next 
generation sequencing of 16S rDNA: a comparison of different workflows. BMC 
Bioinformatics. 2011;12(1):473. doi:10.1186/1471-2105-12-473. 

191.  Dave M, Higgins PD, Middha S, Rioux KP. The human gut microbiome: current 
knowledge, challenges, and future directions. Transl Res. 2012;160(4):246-257. 
doi:http://dx.doi.org/10.1016/j.trsl.2012.05.003. 

192.  Louis P, Young P, Holtrop G, Flint HJ. Diversity of human colonic butyrate-producing 
bacteria revealed by analysis of the butyryl-CoA:acetate CoA-transferase gene. Environ 
Microbiol. 2010;12(2):304-314. doi:10.1111/j.1462-2920.2009.02066.x. 

193.  Silvi S, Rumney CJ, Cresci A, Rowland IR. Resistant starch modifies gut microflora and 
microbial metabolism in human flora-associated rats inoculated with faeces from Italian 
and UK donors. J Appl Microbiol. 1999;86(3):521-530. 

194.  Parnell JA, Reimer RA. Weight loss during oligofructose supplementation is associated 
with decreased ghrelin and increased peptide YY in overweight and obese adults. Am J 
Clin Nutr. 2009;89(6):1751-1759. doi:10.3945/ajcn.2009.27465. 

195.  Verhoef SPM, Meyer D, Westerterp KR. Effects of oligofructose on appetite profile, 
glucagon-like peptide 1 and peptide YY3-36 concentrations and energy intake. Br J Nutr. 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 78 of 91 
 

2011;106(11):1757-1762. doi:10.1017/S0007114511002194. 

196.  Dethlefsen L, Huse S, Sogin ML, Relman DA. The Pervasive Effects of an Antibiotic on 
the Human Gut Microbiota, as Revealed by Deep 16S rRNA Sequencing. Eisen JA, ed. 
PLoS Biol. 2008;6(11):e280. doi:10.1371/journal.pbio.0060280. 

197.  Jernberg C, Löfmark S, Edlund C, Jansson JK. Long-term ecological impacts of antibiotic 
administration on the human intestinal microbiota. ISME J. 2007;1(1):56-66. 
doi:10.1038/ismej.2007.3. 

198.  Grady D, Cummings SR, Hulley SB. Alternative clinical trial designs and implementaiton 
issues. In: Designing Clinical Research. 4th ed. Lippincott, Williams & Wilkins; 2013:162. 

199.  Perreault L, Pan Q, Mather KJ, Watson KE, Hamman RF, Kahn SE. Effect of regression 
from prediabetes to normal glucose regulation on long-term reduction in diabetes risk: 
results from the Diabetes Prevention Program Outcomes Study. Lancet (London, 
England). 2012;379(9833):2243-2251. doi:10.1016/S0140-6736(12)60525-X. 

200.  Meyer C, Pimenta W, Woerle HJ, et al. Different mechanisms for impaired fasting glucose 
and impaired postprandial glucose tolerance in humans. Diabetes Care. 
2006;29(8):1909-1914. doi:10.2337/dc06-0438. 

201.  Hanefeld M, Koehler C, Fuecker K, Henkel E, Schaper F, Temelkova-Kurktschiev T. 
Insulin secretion and insulin sensitivity pattern is different in isolated impaired glucose 
tolerance and impaired fasting glucose: the risk factor in Impaired Glucose Tolerance for 
Atherosclerosis and Diabetes study. Diabetes Care. 2003;26(3):868-874. 

202.  Abdul-Ghani MA, Jenkinson CP, Richardson DK, Tripathy D, DeFronzo RA. Insulin 
secretion and action in subjects with impaired fasting glucose and impaired glucose 
tolerance: Results from the veterans administration genetic epidemiology study. 
Diabetes. 2006;55(5):1430-1435. doi:10.2337/db05-1200. 

203.  Carnevale Schianca GP, Rossi A, Sainaghi PP, Maduli E, Bartoli E. The significance of 
impaired fasting glucose versus impaired glucose tolerance: importance of insulin 
secretion and resistance. Diabetes Care. 2003;26(5):1333-1337. 

204.  Alvarsson M, Hilding A, Östenson CG. Factors determining normalization of glucose 
intolerance in middle-aged Swedish men and women: A 8-10-year follow-up. Diabet Med. 
2009;26(4):345-353. doi:10.1111/j.1464-5491.2009.02685.x. 

205.  Kramer CK, Zinman B, Choi H, Retnakaran R. Predictors of sustained drug-free diabetes 
remission over 48 weeks following short-term intensive insulin therapy in early type 2 
diabetes. BMJ Open Diabetes Res Care. 2016;4(1):e000270. doi:10.1136/bmjdrc-2016-
000270. 

206.  Gregg EW, Chen H, Wagenknecht LE, et al. Association of an intensive lifestyle 
intervention with remission of type 2 diabetes. JAMA. 2012;308(23):2489-2496. 
doi:10.1001/jama.2012.67929. 

207.  Burton JP. Microbiome therapeutics need for better tools. Univ Toronto Med J. 
2015;92(3):7-8. doi:10.1038/nature12198. 

208.  McFarlane SI, Chaiken RL, Hirsch S, Harrington P, Lebovitz HE, Banerji M a. Near-
normoglycaemic remission in African-Americans with Type 2 diabetes mellitus is 
associated with recovery of beta cell function. 2001;16:10-16. 

209.  Li Y, Xu W, Liao Z, et al. Induction of long-term glycemic control in newly diagnosed type 
2 diabetic patients is associated with improvement of ??-cell function. Diabetes Care. 



M.Sc.Thesis - F. Sultan; McMaster University - Health Research Methods, Evaluation and Impact. 

Page 79 of 91 
 

2004;27(11):2597-2602. doi:10.2337/diacare.27.11.2597. 

210.  Kramer CK, Zinman B, Retnakaran R. Short-term intensive insulin therapy in type 2 
diabetes mellitus: a systematic review and meta-analysis. lancet Diabetes Endocrinol. 
2013;1(1):28-34. doi:10.1016/S2213-8587(13)70006-8. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page 80 of 91 
 

APPENDIX 1: Changes in the intestinal microbiota associated with type-2 diabetes in human 
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http://dx.doi.org/10.1038/pr.2014.170. 
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36. Wu X, Ma C, Han L, et al. Molecular characterisation of the faecal microbiota in patients with type II diabetes. Curr Microbiol. 2010;61(1):69-78. 
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37. Qin J, Li Y, Cai Z, et al. A metagenome-wide association study of gut microbiota in type 2 diabetes. Nature. 2012;490(7418):55-60. 
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APPENDIX 2: Randomized Controlled Trials of Probiotics in Prediabetes and Diabetes 

 

Randomized controlled trials assessing effects of probiotics on glycemic outcomes in adults with prediabetes and type 2 diabetes 

Author, 

Year 

Population, 

Sample (n) 

Duration Intervention strain, 

concentration and 

duration 

Control 

regimen 

Outcomes Statistically Significant 

Comparisons Within and 

Between Groups (control 

group - probiotic group) 

Andreasen, 

2010 

T2D/IGT/NGT 

n=44 

4 weeks Capsules 

 

L.acidophilus NCFM - 1g  

 

1010 CFU/g 

 

 

Placebo 

capsules 

Insulin 

sensitivity 

(euglycemic 

clamp)  

Insulin sensitivity decreased 

from baseline in the placebo 

group (p=0.03).  

 

Insulin sensitivity increased 

from baseline non-

significantly in the probiotic 

group (p=0.09).  

 

Figures not reported.  

Asemi, 2013 T2D 

n=54 

8 weeks 1 Capsule/d 

 

7 viable and freeze-dried 

strains: 

L. acidophilus (2 ×109CFU) 

L. casei (7x109CFU) 

L. rhamnosus(1.5 × 109CFU) 

L. bulgaricus (2×108 CFU) 

B.breve(2×1010 CFU) 

B. longum (7×109 CFU) 

S. thermophilus 

(1.5×109CFU) 

100 mg fructo-

oligosaccharide 

Placebo 

capsules 

HbA1c 

FPG 

Insulin 

HOMA-IR 

DIFFERENCE IN MEAN 

CHANGE IN FPG FROM 

BASELINE:  

 

Within control group = 1.6 

mmol/L (SD=2.44), (p=0.002) 

 

Between groups= 1.51 

mmol/L (SE=0.57), (p=0.01) 

 

DIFFERENCE IN MEAN 

CHANGE IN HOMA-IR 

FROM BASELINE: 
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Within probiotic group: 0.78 

(SE=0.31), (p=0.02) 

 

Within control group: 2.38 

(SE=0.65) (p=0.001) 

 

Between groups= 1.60 

(SE=0.72) (p=0.03) 

 

DIFFERENCE IN MEAN 

CHANGE IN INSULIN FROM 

BASELINE: 

 

Within probiotic group= 

2.04 uIU/ml (SE=0.82) 

(p=0.02) 

 

Within control group= 4.11 

uIU/ml (SE=0.91) (p<0.001) 

 

No significant changes 

between groups. 

Ejtahed, 

2011 

T2D                                        

n=60 

6 weeks Yogurt 300g/d 

 

L. bulgaricus                       

Streptococcus thermophilus  

Enriched with:                              

L. acidophilus La5 - 7.23x106                

and B. lactis Bb12 - 6.04x106            

 

 

Conventional 

yogurt with 

L. bulgaricus 

and 

Streptococcus 

thermophilus  

FPG                           

HbA1c                      

Insulin 

 

 

DIFFERENCE IN MEAN 

CHANGE IN FPG FROM 

BASELINE:  

 

Within probiotic group=       

-0.70 mmol/L 

(SD=1.38), (p<0.01) 

Between groups= 0.88 

mmol/L (SD=0.26), (p<0.05) 
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DIFFERENCE IN MEAN 

CHANGE IN HBA1C FROM 

BASELINE: 

 

Within control group: 0.30% 

(SD= 0.77), (p<0.05) 

Between groups:  

0.42% (SD=0.2), (p<0.04) 

 

Results for FPG and HbA1c 

adjusted for duration of 

diabetes, polyunsaturated fat 

intake, and baseline values 

Hove, 2015 T2D                                        

n=42 

12 weeks Yogurt 300ml/d  

 

L. helveticus  

Yogurt that 

was artificially 

acidified with 

glucono-

lactone 1.75%  

FPG                                                           

HbA1c                        

HOMA-IR                 

DIFFERENCE IN MEDIAN 

CHANGE FROM BASELINE 

IN FPG: 

 

Between groups = 0.9 

mmol/L,(p=0.022)  

Adjusted for age, 

esomeprazole use, baseline 

value. 

 

IQR not reported  

 

P-values for within group 

change were not reported, 

only between groups. 

Judiono, 

2014 

Prediabetes 

and T2D  

n=106  

30 days Standard diet + 200 ml/d of 

clear kefir 

 

Standard diet 

(not specified) 

FPG 

2hrBG 

Mean difference in change 

between groups not reported, 

only p-values. 
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35 probiotic bacteria in the 

kefir, strains not specified  

107 CFU/g 

 

 

Hba1c 

 

 

DIFFERENCE IN MEAN 

CHANGE  IN FPG FROM  

BASELINE:  

 

Between groups: p=0.015 

 

DIFFERENCE IN MEAN 

CHANGE  IN HBA1C FROM 

BASELINE:  

 

Within probiotic group: -

0.13% (SD=0.15) (p<0.05) 

 

Between groups: (p=0.001) 

Jung, 2013 Obese adults 

with 

FPG>5.55mm

ol/L          

n=62 

12 weeks 2 capsules with each meal 

(TID) 

 

L. gasseri BNR17 

 

1010 CFU 

Placebo 

capsules 

HbA1c                      

FPG 

 

MEAN CHANGE IN HBA1C 

FROM BASELINE: 

 

Within control group= -0.1% 

(SD=0.2) (p<0.05) 

 

No significant changes 

between groups.  

Mazloom, 

2011 

T2D  

n=34 

6 weeks Capsules 

1500mg capsule BID (after 

lunch and dinner) 

L. acidophilus, L. bulgaricus, 

L. bifidum, and L. casei  

CFU not specified 

Placebo 

capsules 

FPG                            

HOMA-IR 

 

No significant changes within 

and between groups. 
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Mohamadsh

ahi,2014 

T2D with 

BMI>25kg/m2 

n=42  

8 weeks Yogurt 

300g/d 

 

Lactobacillus delbrueckii 

subsp. bulgaricus and 

Streptococcus thermophilus.   

ENRICHED WITH  

Bifidobacterium 

animalis subsp. lactis Bb12 

(DSM 10140) and 

Lactobacillus 

acidophilus strain La5  

 

3.7 × 106 CFU/g 

Yogurt with 

Lactobacillus 

delbrueckii 

subsp. 

bulgaricus 

and 

Streptococcus 

thermophilus. 

FPG                                 

HbA1c 

MEAN CHANGE IN HBA1C 

FROM BASELINE:   

 

Within Probiotic group:-

1.15% (SD= 0.27), (p=0.032) 

Between groups= 1.39 % 

(SE= 0.095), (p<0.001) 

Ostadrahimi, 

2015 

T2D with 

FBG.6.9mmol/

L, no insulin 

n=60 

8 weeks Fermented milk (Kefir) 

600ml, lunch and dinner 

 

S. thermophilus 

L. casei, L. acidophilus 

and B. lactis 

 

3.25 × 106 CFU 

600ml 

conventional 

fermented 

milk (dough), 

lunch and 

dinner 

                        

Streptococcus 

thermophilus                

Lactobacillus 

bulgaricus 

FPG                           

HbA1c                            

DIFFERENCE IN MEAN 

CHANGE FROM BASELINE 

IN FPG:  

 

Within probiotic group:                      

-1.25mmol/L (4.10), (p=0.05) 

Between groups = 

1.18mmol/L (SE=1.30), 

(p=0.03) 

Adjusted for baseline 

difference. 

 

DIFFERENCE IN MEAN 

CHANGE IN HBA1C FROM 

BASELINE:   

 

Between groups= 

1.23mmol/L (SE=0.51), 
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FPG = fasting plasma glucose; HOMA-IR = homeostasis model assessment for insulin resistance; HOMA-β = homeostasis model assessment for β-cell 
function; 2hrPG= 2-hour post-prandial glucose 

 

REFERENCES 
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(p=0.02) 

 

Adjusted for serum levels of 

glucose, baseline values of 

HbA1c and energy 

intake. 

Tonucci, 

2015 

T2D 

n=45 

6 weeks Goat milk 

120g/d at breakfast 

 

l.acidophilus La-5,   

bifidobacterium animalis 

subsp lactis BB-12 (added to 

the placebo to make the 

intervention) 

 

109 CFU/120g 

Conventional 

fermented 

goat milk 

fermented 

with 

streptococcus 

thermophilus 

TA-40 

FPG                            

HbA1c                                                  

HOMA-IR                         

DIFFERENCE IN MEDIAN 

CHANGE IN HBA1C FROM 

BASELINE:  

  

Between groups = 0.78%, 

(p=0.02) 

 

IQR not reported  

Tripolt, 2014 

 

 

Metabolic 

syndrome 

n=28 

12 weeks Milk drink (Yakult light ®) 

containing Lactobacillus 

casei Shirota, 65mL TID 

108 CFU/mL 

None FPG 

2hrPG 

HOMA-IR 

HOMA-B 

No significant changes within 

or between groups. 
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APPENDIX 3: Study Visit Schedule 

 

 STUDY VISIT SCHEDULE  
Screening Run-

in 
week 

1 

Run-
in 

week 
2 

Randomization V1 V2  V3 
 

 V4  V5  V6   V7 
 

Weeks after randomization:  -2 -1 0 2 4 6 8 10 12 14 16 18 20 24 28 32 

ACTIVITY/ASSESSMENT  
Voluntary signed consent  X                 

Screening for eligibility criteria X                 

Urine BhCG* X                 

Serum creatinine X                 

Clinic visit X X X X  X  X  X  X  X   X 

RD visit and assessment  X X X  X  X  X  X  X   X 

3-day diet diary  X  X    X      X   X 

Provide placebo sachets  X X               

Randomization    X              

Start intervention    X              

Provide study sachets    X  X  X  X  X      

Stop intervention              X    

Anthropometrics (height**, 

weight, waist circumference) 

 X  X  X  X  X  X  X   X 

Medical events and change in 
medications CRF 

 X  X  X  X  X  X  X   X 

Activity questionnaire (GPAQ)    X    X      X   X 

Telephone follow-up     X  X  X  X  X  X X  

Adherence check   X X X X X X X X X X X X    

Adverse event check   X X X X X X X X X X X X X X X 

HbA1c X             X   X 

Fasting glucose and insulin    X          X   X 

Fecal sample collection    X          X   X 

*Urine BhCG test for women of child-bearing potential only 

**Height will be measured at baseline only
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APPENDIX 4: Sample Size Calculation 

 

Test Comparing Two Proportions from https://www.stat.ubc.ca/~rollin/stats/ssize/b2.html 
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APPENDIX 5: Alternative Sample Size Calculations  

 

  
Control group 

remission 
proportion 

Probiotic 
group 

remission 
proportion 

Power n per arm 

Total N 
(without 

10% 
attrition) 

Sample size 

calculation 1 
5% 10% 

80% 435 870 

90% 582 1164 

Sample size 

calculation 2 
8% 16% 

80% 258 516 

90% 345 690 

Sample size 

calculation 3 
10% 20% 

80% 199 398 

90% 266 532 

 

 

 

 


