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Lay Abstract 

Type 2 diabetes is a chronic disease that involves high blood sugar (i.e. glucose), 

which can damage many parts of the body leading to serious complications. 

Diabetes is a growing global problem and is the seventh leading cause of death. 

Obesity is one of the largest factors leading to type 2 diabetes. Bariatric surgery 

reduces obesity and is to date the most effective method to lower blood glucose 

and reverse type 2 diabetes. Bariatric surgery alters gut anatomy and the types 

of bacteria that inhabit the gut. Gut bacteria can change obesity and blood 

glucose levels, but it was not known if the bacterial community present after 

bariatric surgery was a factor that is sufficient to lower blood glucose. We found 

that transferring gut bacteria from humans after bariatric surgery into mice lowers 

the blood glucose and alters the gut barrier structure where food is absorbed. It is 

not yet clear how this happens, but these findings show that a change in gut 

microbes is a standalone factor that can alter host blood glucose. Finding the 

glucose lowering factor in bacteria may be a new treatment to combat type 2 

diabetes. 
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Abstract 

The prevalence of obesity is increasing globally. Obesity is characterized by 

increased fat mass and is a risk factor for type 2 diabetes (T2D). Obesity is 

associated with hyperglycaemia, hyperinsulinemia, insulin resistance and chronic 

inflammation. Currently, the most effective and durable treatment for obesity and 

its comorbidities is bariatric surgery. Bariatric surgery changes food intake, 

energy balance and the composition of gut microbiota. Bariatric surgery can 

lower blood glucose and put T2D into remission. It was unknown if bariatric 

surgery-induced changes in the gut microbiota was an independent yet sufficient 

factor to lower blood glucose. Fecal microbiota transplantation (FMT) was 

performed on conventional (specific-pathogen-free, SPF) and germ-free (GF) 

mice using fecal material obtained from patients before surgery and 12 months 

after bariatric surgery. We tested FMT into mice from the same patients before 

and after vertical sleeve gastrectomy (VSL) and biliopancreatic diversion with 

duodenal switch (BPD/DS). FMT did not alter body weight, fat mass, glucose 

tolerance or glucose transporter mRNA expression in all intestine segments in 

SPF mice. FMT lowered blood glucose during an oral glucose load in GF mice 

receiving bacteria after VSL and BPD/DS bariatric surgery. Post-BPD/DS surgery 

FMT decreased Glut1 transcript level in the ileum and increased Glut1 transcript 

level in the TA muscle of GF mice, but did not change GLUT1 protein levels. 

Post-BPD/DS surgery FMT also decreased goblet cell count, villus height and 

crypt depth in the ileum of GF mice. We conclude that changes in the gut 
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microbiota caused by bariatric surgery is a standalone factor that can lower blood 

glucose and alter gut morphology.  
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1.0 INTRODUCTION 

1.1 Obesity and type 2 diabetes 

 The prevalence of obesity and its comorbidities is increasing in Canada 

and worldwide1,2. The World Health Organization (WHO) defines obesity as a 

body mass index (BMI) over 30 kg/m2, which is calculated by dividing body mass 

in kilograms by height in meters squared3. Obesity is characterized by increased 

fat mass, which is also associated with increased risk of multiple comorbidities 

including hypertension, cardiovascular disease and type 2 diabetes (T2D). In 

2005, the prevalence rate of T2D in Ontario, Canada had exceeded the WHO’S 

predicted global prevalence rate for 20304. According to the WHO, over 422 

million of people now have diabetes worldwide, attributing to 1.6 million deaths 

annually, making this disease the seventh leading cause of death globally5. An 

analysis using the U.S. National Health Interview Survey data showed that the 

lifetime diabetes risk estimated at 18 years of age progressively increases from 

7.6 to 70.3% for men and from 12.2 to 74.4% for women as body weight 

increases from underweight to very obese6. Analysis of over 114,000 U.S. 

women showed that the risk for T2D, independent of ethnicity, increased in direct 

association with increased BMI7 and this relation is consistent for any BMI 

greater or equal to 22 kg/m2. Women with a BMI between 22.0 and 22.9 kg/m2 

have a 3-fold higher risk of T2D compared to women with a BMI lower than 22.0 

kg/m2. Overall, all these data show a strong correlation between obesity and 

T2D. 
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1.1.1 Mechanisms underlying insulin resistance, type 2 diabetes and obesity 

 Insulin, released from the pancreatic ß-cells, normally functions to lower 

blood glucose level through suppression of hepatic glucose production and 

increased glucose uptake into muscle and adipose tissue among other peripheral 

tissues. The insulin signaling cascade initiates when insulin stimulates its 

membrane-bound cell-surface receptor. Insulin receptor (IR) contains an α-

subunit that binds to insulin and the IR also contains a tyrosine-specific protein 

kinase ß-subunit that responds to insulin binding8. Autophosphorylation occurs 

when phosphate groups are incorporated onto the ß-subunit, which facilitate 

tyrosine phosphorylation of insulin receptor substrate (IRS) proteins. This 

promotes intracellular signal propagation, leading to increased cellular glucose 

uptake and suppression of hepatic glucose output, which are integrated 

responses that lower blood glucose.  

 Insulin resistance refers to a decreased ability of insulin to (i) lower hepatic 

glucose output and (ii) increase peripheral glucose uptake and storage9. Insulin 

resistance combined with ß-cell dysfunction allows moderate glucose intolerance 

to progress to poorly controlled levels of fasting and post prandial blood glucose 

and eventually T2D1. Modifications in the IR and IRS signaling cascade can lead 

to development of insulin resistance. A reduction in IR number, often termed IR 

down-regulation, can be associated with insulin resistance and can occur in mice 

with obesity and/or features of T2D9. Patients with loss-of-function mutations in 

IR can have severe insulin resistance, hyperglycaemia and hyperinsulinemia10. 
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IRS1-deficient mice have peripheral insulin resistance and moderate 

hyperglycaemia, leading to impaired skeletal muscle glucose uptake; while IRS2-

deficient mice display insulin resistance with more profound hyperglycaemia11,12. 

Phosphorylation of IRS1 at serine and threonine residues can inhibit tyrosine 

phosphorylation of IRS1, which impairs proper association with IR and signal 

propagation required to increase glucose uptake in peripheral cells13.  

 The ability of obesity to cause insulin resistance has been recognized for 

decades. There are several mechanism that link obesity and insulin resistance. 

Plasma free fatty acids (FFAs), which inhibit insulin’s action on glucose transport, 

are elevated in obese subjects due to increased FFA release and reduced FFA 

clearance from the expanded and stressed adipose tissue14. Elevated circulating 

FFAs can promote lipid deposition in peripheral tissues outside of adipose tissue. 

When FFAs are converted to excessive triglycerides in the liver, this is one factor 

that can promote hepatic insulin resistance. Elevated circulating FFAs can also 

lead to peripheral insulin resistance in skeletal muscle15. An excessive FFA load 

(or other mechanisms of cellular stress) can induce insulin resistance by 

activating serine phosphorylation of IRS116. FFAs are potent activators of c-Jun 

N-terminal Kinase (JNK), a member of the mitogen-activated protein kinase 

(MAP) family that have been shown to promote serine phosphorylation of IRS1, 

particularly at Ser307, which inhibits IRS1 tyrosine phosphorylation and insulin 

signal propagation. Absence of JNK1 results in protection from obesity-induced 
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insulin resistance, while increased JNK activity promotes insulin resistance and 

indicators of T2D in mice17.  

 It is well established that adipose tissue volume is correlated with the level 

of insulin resistance18. Beyond FFAs and lipids, many other adipose-derived 

factors can influence obesity-related insulin resistance. Adipokines are cytokine-

like endocrine factors that are secreted by adipose tissue and can function as 

proteins involved in lipid and glucose homeostasis19. Adipose tissue hypoxia, 

adipocyte stress and adipocyte necrosis are all associated with obesity and can 

alter adipokine profiles19. 

 Obesity also has a strong association with inflammation. Macrophages 

exist along a continuum of phenotypic profiles, but this can be simplified into two 

different types of macrophages in white adipose tissue (WAT). Proinflammatory 

M1 macrophages are recruited by proinflammatory cytokines that are produced 

by the expanded adipose tissues20. M1 macrophage polarization in adipose 

tissue can further increase secretion of proinflammatory cytokines including 

tumor necrosis factor-α (TNF-α), which leads to more macrophage recruitment 

and an inflammatory response amplification. Interleukin-4 (IL-4) is one factor that 

polarizes macrophages into the anti-inflammatory M2 macrophages20. M2 

macrophages can dampen inflammatory responses and can secrete anti-

inflammatory cytokines. Obesity can influence macrophage polarization. For 

example, adipose tissue expansion during obesity can lead to lower IL-4 receptor 

expression on M2 macrophages, which reduces the ability of M2 macrophages to 
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promote anti-inflammatory functions. In fact, lower IL-4 receptor expression 

promotes polarization into M1 macrophages21. The balance between IL-4 

receptor expression and M2 versus M1 macrophage polarization can influence 

macrophage infiltration into adipose tissue and TNF-α levels. TNF-α is one 

proinflammatory factor that can polarize macrophages from M2 to M1 

phenotypes in adipose tissue. TNF-α can also activate JNK and other serine 

kinases, which results in serine phosphorylation of IRS1, thereby promoting 

insulin resistance through a stress kinase mechanism of action. Several 

interventions including bariatric surgery can cause changes in adipokine 

secretion, reduce obesity-associated inflammation and mitigate hepatic and 

peripheral insulin resistance22. The mechanisms of bariatric surgery-induced 

changes in metabolism will be explained in the later sections.  

1.1.2 Prediabetes and glucose metabolism 

 Prediabetes is characterized by a moderate elevation in fasting blood 

glucose, impaired glucose tolerance or both; however, the characteristics of 

prediabetic individuals do not yet meet the diagnostic criteria for diabetes23. 

There are many underlying mechanisms linking obesity and alterations in 

glucose metabolism that are involved in the progression of pre-diabetes. The 

above-mentioned obesity-induced insulin resistance is one key mechanism of 

prediabetes progression. In addition, changes in the activity and expression level 

of glucose transporters and co-transporters involved in intestinal glucose 
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absorption and metabolism have been reported in individuals with impaired 

glucose tolerance. To date this work has been focused on Glut1, Glut2, Glut3, 

Glut5 and Sglt1. Glut1, Glut2, Glut3 and Glut5 all belong to the facilitative 

glucose transporter family. Glucose transporter 1 (GLUT1) is expressed 

ubiquitously and plays a pivotal role in early life intestinal tissue growth24-26 

(Figure1). GLUT1 is the major insulin-independent glucose transporter in tissues 

that dispose blood glucose such as skeletal muscle27. GLUT1 is also thought to 

provide a pathway to transport glucose across the blood brain barrier. Preclinical 

models of bariatric surgery have shown to increase levels of GLUT1 in the 

intestine. For example, rats that have undergone Roux-en-Y bypass (RYGB)-like 

surgery have increased GLUT1 RNA and protein expression in the Roux limb 

compared to the sham-operated rats26. These RYGB-treated rats are thought to 

exhibit a reprogramming of their intestinal glucose metabolism to meet the 

increased anabolic needs on intestinal tissue growth and maintenance.  

 To investigate how bariatric surgery impacts glucose uptake and 

metabolism, studies have used positron emission tomography-computed 

tomography (PET/CT) scanning with intravenous administration of 2-deoxy-2-

[18F]fluoro-D-glucose ([18F]FDG) to assess glucose metabolism. FDG is 

transported into the cells via glucose transporters and is then phosphorylated by 

hexokinase to FDG-6-phosphate, which cannot be metabolized further and thus 

remains in the cell28. When the rates of glycolysis and glucose transport of a cell 

is enhanced, it could lead to an increased uptake of FDG. RYGB increased 

6



MSc. Thesis | Y Chen, McMaster University (Biochemistry)

[18F]FDG uptake by the Roux limb in rats compared to the jejunum of sham-

operated rats when [18F] FDG is administered intravenously28. A role for GLUT1 

was revealed using phloretin, a GLUT1 inhibitor, in RYGB-treated rats. Phloretin 

blunted [18F]FDG uptake by the Roux limb compared to the RYGB-treated rats 

without the administration of phloretin26. Therefore, the higher intestinal glucose 

uptake in RYGB-treated rats is thought to be mediated through GLUT1.  

 GLUT2 is mainly found in liver cells and pancreatic ß-cells, but it is still 

present at lower levels in the kidney and intestines. GLUT2 can transport the 

dietary-absorbed glucose from the enterocytes into the circulation and is the 

primary glucose transporter responsible for transporting glucose across the 

basolateral membrane of intestinal epithelial cells. It has also been suggested 

that GLUT2 is coupled with glucokinase function, and together this coordinated 

regulation leads to appropriate glucose sensing by ß-cells29,30. Recent studies in 

diabetic rats have found that GLUT2 can be inserted transiently into the apical 

membrane of the jejunum in response to high intestinal luminal glucose 

concentration. In fact, apical GLUT2 can provide a large component via 

facilitated transport, which can account for 75% of glucose absorption related to 

this method31,32. However, these effects are only present in diabetic rats and 

insulin resistant mice, where a large number of GLUT2 has been found to be 

permanently located in the apical membrane of intestinal epithelial cells. 

Normally, blood insulin prevents the insertion of GLUT2 on the apical membrane 
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and limits glucose absorption even if the luminal glucose level is high in the 

absence of obesity and insulin resistance. 

 GLUT3 is present at various levels in most tissues, but mainly in the brain 

and neuronal tissues, where it transports glucose into the brain and peripheral 

nerves, which rely heavily on glucose as a fuel source. In fact, GLUT3 has a 

higher affinity for glucose than GLUT1, 2 or 4, with a fivefold greater transport 

capacity than GLUT1 and 4. In addition, GLUT3 deficiency can lead to a 

decrease in transplacental glucose transport and fetal glucose uptake33. 

GLUT3-/- mouse embryos have a similar phenotype to diabetic mouse 

blastocysts including significant growth retardation and failure to progress past 

embryonic day 6.533,34. 

 GLUT5 is expressed on the brush border membrane of enterocytes and is 

a fructose transporter35. Fructose represents a large component of Western diets 

and fructose metabolism is believed to partially contribute to the rising incidence 

of insulin resistance32. In humans and rats, GLUT5 is capable of transporting 

both fructose and glucose; however, human GLUT5 is a relatively poor glucose 

transporter36. In contrast to GLUT1, GLUT5 expression is much lower in fetal 

small intestine than in the adult. GLUT5 abundance is developmentally regulated 

with its highest level in adult small intestine37. GLUT5 participates in the 

transepithelial fructose uptake by regulating the movement across the luminal 

surface of the enterocytes. 
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 Sodium-dependent glucose transporter (SGLT)-1 is also localized in the 

small intestinal brush border membrane and is the major glucose transporter in 

gastrointestinal (GI) tract38,39. SGLT1 mediates the uptake of dietary glucose from 

the intestinal lumen into the epithelial cells with Na+ co-transport, which 

depolarizes the membrane and stimulates Ca2+ entry. SGLT1-mediated Ca2+ 

intake enhances glucagon-like peptide 1 (GLP-1) secretion from intestinal cells, 

which augments post-prandial insulin secretion from pancreatic ß-cells40. 

Increased upper small intestinal SGLT1 expression correlated with increased 

upper small intestinal glucose uptake in rodents and human after treatment with 

the commonly used antidiabetic drug metformin41. Obesity caused by a high fat 

diet (HFD) feeding lowers SGLT1 expression in the upper small intestine of rats, 

which was mitigated with metformin treatment41. In addition, metformin can 

increase glucose-stimulated GLP-1 release and improve glucose sensing in the 

upper small intestine41,42. However, other studies have shown contradictory 

results where inhibition of SGLT1 leads to reduced glucose absorption and 

increased release of GLP-1 and peptide YY (PYY) from the GI tract43. Multiple 

studies have used LX4211, a dual SGLT1/SGLT2 inhibitor that improves 

glycemia and increases circulating levels of GLP-1 in patients with T2D43,44. It 

has been hypothesized that LX4211-associated postprandial increase in GLP-1 

may be mediated by a mechanism independent of SGLT1 and this could involve 

SGLT2.  
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1.2 Bariatric surgeries  

 Lifestyle interventions including changing dietary patterns and physical 

exercise can influence diabetes risk, but currently these approaches have failed 

to mitigate increased prevalence of obesity and diabetes45. In fact, 80-90% of the 

population that start low-calorie diets have failed to maintain long-term weight 

loss46. Drug therapy can help reduce complications of diabetes, but 

pharmacotherapies rarely put diabetes into remission47. Currently, the most 

effective and durable treatment for obesity and its comorbidities is bariatric 

surgery48. Bariatric surgery causes substantial and durable weight loss, which is 

a key factor that promotes T2D remission. However, studies in both rodents and 

humans have suggested that bariatric surgery can also cause direct, weight-

independent effects on blood glucose and diabetes status49-51. Bariatric surgery 

can induce rapid improvement of hyperglycaemia, reduction in hepatic insulin 

resistance and changes in food preference46. For instance, patients who have 

undergone biliopancreatic diversion with duodenal switch (BPD/DS) surgery have 

reduced fat intake while RYGB patients have reduced sweet and fatty food intake 

along with increased vegetable consumption52,53. Unlike non-surgical weight loss, 

it appears that bariatric surgery does not lead to increased hunger and reduced 

energy expenditure. Rather, bariatric surgery attenuates appetite despite having 

a reduced calorie intake48. It is still unclear what feedback mechanisms, 

circulating factors and pathways influence energy balance and glucose 

metabolism after specific types of bariatric surgery. In particular, the factors that 
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promote blood glucose lowering, which may occur independent of weight loss 

after bariatric surgery, are still not well characterized.      

1.2.1 Types of bariatric surgery 

 Bariatric surgery can be divided into two categories. Restrictive surgeries 

restrict patient’s food intake (e.g. gastric banding, vertical sleeve gastrectomy 

(VSL)) while malabsorptive surgeries decrease a patient’s food absorption (e.g. 

RYGB)46.  

 Among all bariatric surgery types, gastric banding popularity has 

increased the most in recent years54. Gastric banding is performed by placing 

adjustable/nonadjustable bands around the proximal aspect of the stomach 

immediately below the gastroesophageal junction (Figure 2 (a)55). VSL is 

originally a part of the duodenal switch operation that resects the lateral aspect of 

the gastric body and fundus (Figure 2 (b)55). Sleeve gastrectomy is performed to 

inhibit gastric acid secretion and best preserve normal gastric physiology. In 

RYGB, a gastric pouch is created below the gastroesophageal junction using a 

linear stapler (Figure 2 (c)55). The distal jejunal limb is then brought up towards 

the gastric pouch, creating a Roux limb, which is carefully measured to 

anastomose the biliopancreatic limb of the jejunum. This Roux limb will be the 

primary recipient of food after bariatric surgery is performed. Duodenal switch is 

performed when duodenum is dissected 2-3cm distal to the pylorus, 

anastomosed to a 250-cm alimentary limb with a 100-cm common limb channel56 

11



MSc. Thesis | Y Chen, McMaster University (Biochemistry)

(Figure 2 (d)55). When combined with sleeve gastrectomy, this procedure is 

called BPD/DS, which is hypothesized to be the most effective bariatric surgery 

type for obese patients. 

1.2.2 Impact of bariatric surgery on obesity 

 Different types of bariatric surgery can cause both rapid and durable 

weight loss. Gastric banding slows food consumption and reduces amount of 

food being consumed. VSL is performed to reduce patient’s stomach size and 

therefore restricting food intake54. RYGB is the most commonly performed 

bariatric surgery type, comprising 70% to 75% of all bariatric surgeries54. It is 

performed to bypass the distal stomach, duodenum and the proximal jejunum. 

Consequently, food being swallowed will go into the gastric pouch and then 

directly into the small intestine, bypassing most part of the stomach. This leads to 

increased satiety and decreased food intake, which are thought to be mediated 

by gut hormones involved in satiety57. BPD/DS is considerably the most complex 

operation among all types of bariatric surgery. Biliopancreatic diversion (BPD) 

delays the involvement of bile and pancreatic juice in digestion by shortening the 

absorptive intestinal surface. As a result, bile is kept away from its normal 

entrance at the gastric outlet, leading to increased risk of complications such as 

peptic ulcers in patients58.Although side effects have been observed from 

patients that underwent BPD/DS, it remains to be the most effective bariatric 

surgery when treating obese patients. A study has found that the excess weight 
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loss (EWL) three years after bariatric surgery operation is 84.0% ± 14.5% for 

BPD/DS patients and 63.7% ± 17.0% for RYGB patients59. Although the 

underlying mechanism is not fully understood, it is thought that the combination 

of reduced food ingestion, changes in food preference, increase in satiety, 

release of satiety-promoting gut hormones and a shift in bile acid metabolism 

altogether promotes weight reduction and improves energy balance in obese 

patients. 

1.2.3 Mechanisms of bariatric surgery on type 2 diabetes remission 

 In a meta-analysis of 134 studies completed in 2004, it was found that 

T2D remission rate was 48% for patients that underwent laparoscopic adjustable 

gastric banding, 84% for those that underwent gastric bypass and 98% for those 

underwent BPD/DS60. It is becoming clear that some of the effects of bariatric 

surgery on blood glucose control and cellular glucose metabolism are 

independent of weight loss, including mechanisms linked to insulin resistance. 

Many adipokines related to insulin resistance such as visfatin and vaspin change 

after bariatric surgery19. Visfatin binds non-competitively to the IR and activates 

insulin signaling pathway, increasing glucose uptake and promoting insulin 

sensitivity20,61. Studies have found an elevated blood visfatin after bariatric 

surgery, which correlates with increased insulin sensitivity seen in patients. 

Another hormone, visceral adipose tissue-derived serine protease inhibitor 

(vaspin) is higher in the serum of T2D and overweight subjects when compared 
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to lean subjects. The exact mechanism of how vaspin plays a role in T2D and 

obesity is not yet clear. However, weight loss lowers serum vaspin and this 

correlated with decreased plasma insulin concentration and increased insulin 

sensitivity62,63. Bariatric surgery and the associated weight loss also lower serum 

vaspin64. However, caution is warranted in simply tracking changes in adipokines 

and weight loss after bariatric surgery. In fact, stratifying patients according to 

high and low vaspin levels before and after BPD/DS surgery found that vaspin 

may be a beneficial adipokine regarding insulin sensitivity and glucose control65. 

It was shown that BPD/DS surgery lowered vaspin, but that having high (i.e. >2.5 

ng/mL) vaspin before and after BPD/DS was correlated with lower insulin and 

blood triglyceride, and higher high density lipoprotein-cholesterol and insulin 

sensitivity compared to BPD/DS patients with low serum vaspin.  

 It has been found that bariatric surgery also alters gut hormones including 

PYY and GLP-1 that not only reduce appetite, food intake and body weight, but 

also mediate glycemia66. Elevated fasting PYY levels have been reported in 

several gastrointestinal diseases that are associated with loss of appetite67,68, 

which is interesting since bariatric surgery can influence these gut hormones and 

suppress appetite. Postprandial PYY and GLP-1 level start to rise as early as 2 

days after RYGB66. Moreover, patients with less weight loss after RYGB have 

lower postprandial PYY and GLP-1 levels compared to those with normal post-

surgery weight loss54. Inhibition of PYY and GLP-1 in RYGB patients results in 

return of appetite and increased food intake66. 
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1.3 The intestinal microbiota 

 Gut microbiota refers to the trillions of bacteria that reside within the GI 

tract. This community of commensal bacteria influences digestibility and energy 

harvest from ingested food69. In concert with weight reduction and the potential 

resolution of T2D, bariatric surgery alters the composition of the intestinal 

microbiota. In patients that have undergone RYGB, an increase in gut microbiota 

richness, the number of gut microbiota species, is observed70,71. It is known that 

gastric banding and VSL can cause changes in the composition of gut 

microbiota72,73. To date, there is little information on gut microbiota changes after 

BPD/DS. Given the change in gut anatomy after bariatric surgery, it is not 

surprising that the composition of the gut microbiota is different in the remaining 

section of the intestine. More importantly, it is thought that changes in the 

composition of the microbiota may have a functional impact on obesity and blood 

glucose after bariatric surgery. 

1.3.1 Obesity, bariatric surgery and gut microbiota 

 Factors derived from the gut microbiota can influence host inflammatory, 

endocrine and metabolic responses and the connections therein. Obesity can 

alter the taxonomy of gut microbiome and studies suggested that gut microbiota 

from obese subjects has a greater capacity to extract energy from food, leading 

to energy excess, a characteristic of obesity74. One 16S rRNA sequence analysis 

of obese subjects revealed that 75% of the obesity-enriched bacterial genes are 
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characteristic of Actinobacteria, while 42% lean-enriched bacterial genes are 

from Bacteroidetes75. Children with increased susceptibility to obesity have 

shown to have alterations in the composition of gut microbiota in early life, even 

at 6 and 12 months of age76. Studies have also found a reduction in 

Bifidobacteria and Bacteroides-related intestinal bacteria in obese subjects, 

which correlates with increased fat mass and body weight gain and diabetes71. 

Increased Enterobacteriaceae is also reported in morbidly obese human 

subjects75,77-79. Overall, there is some evidence for decreased Bacteroidetes and 

increased Firmicutes and Actinobacteria in obese subjects when compared to 

lean subjects80. There are many conflicting reports on obesity and specific 

obesogenic diets on the composition of the gut microbiome. For example, 

feeding rats an obesogenic HFD decreases the abundance of Actinobacteria 

phylum while increasing the abundance of Proteobacteria in the upper gut, as 

revealed by 16S rRNA sequencing41. There are many reasons why discordant 

effects of obesity and the composition of the gut microbiome may be reported, 

including technical aspects of sample preparation such as different DNA 

extraction methods and differences in taxonomic assignment in analysis 

pipelines. Also, environmental factors such as diet and the composition of 

macronutrients have a large effect on the composition of the gut microbiome and 

so do therapeutic drugs. Interestingly, metformin treatment can increase the low 

abundance of Lactobacillus in the upper small intestine of HFD rats while 

dominated Lactobacillus genus in the upper gut is a phenotype seen in lean 
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mice. It is clear that obesity and obesity-causing diets promote gut segment-

dependent changes in the composition of the microbiome. However, alterations 

in gut microbiota composition have rarely been directly linked to functional 

outcomes in host metabolism. It is rather suggested that some of the potential 

mechanisms of action including the regulation lipid deposition in adipocytes and 

hepatocytes may be driven by microbial derived factors. 

 Consistent with altered gut microbiota seen in obese patients, changes in 

gut microbiota are also observed following weight loss. A significant reduction in 

fecal Enterobacteriaceae is observed in obese adolescents following substantial 

weight loss in response to a physical exercise program with energy-restricted 

diet81. In a similar study, obese adolescents that undertook a physical activity 

regime and calorie-restricted diet had an increased relative abundance of 

Bacteroides/Prevotella and elevated level of Bifidobacteria in their feces82. These 

findings are similar to changes in the composition of the gut microbiome 

observed in obese patients that have undergone bariatric surgery. These 

changes in microbial taxonomy may relate to metabolic activity of the gut 

microbiota and how it influences host metabolism possibly to reduce fat 

deposition, decrease absorption and utilization of carbohydrates as well as 

facilitate energy extraction from food and storing the calories in host adipose 

tissue73.    

 Bariatric surgery clearly changes the gut microbiota composition. Bariatric 

surgery involves surgical rearrangement of the GI tract, which results in altered 
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nutrient presentation and changes in pH in various gut segments83. These are 

potent influencers of microbial communities and the composition of the gut 

microbiota shifts in an effort to adapt to these changes in the intestinal 

environment. Studies have compared the gut microbiome of obese human 

subjects, before and after RYGB, and found a shift in the stool microbial 

community structure after the surgery was performed. A low proportion of 

Bacteroides/Prevotella ratio was found in the feces of obese subjects before 

RYGB, but this ratio was significantly increased 3 months after surgery71. It also 

appears that the increase in Bacteroides/Prevotella ratio was positively 

correlated with reduction in fat mass after RYGB71. In this study, it was proposed 

that the altered anatomy of the gastrointestinal tract may affect food digestion 

due to the reduced stomach and shortened small intestine, which is one factor 

that can result in the microbial population shift seen in the bariatric surgery 

patients70. In another study where the fecal microbiota from patients after VSL 

and RYGB was analyzed, three major phyla changes were observed in RYGB 

patients one year after surgery operation when compared to their own gut 

microbiota before the surgery84. Specifically, increases in the relative abundance 

of Firmicutes and Actinobacteria and a decrease in Bacteroidetes were observed 

after RYGB. VSL patients also had increased relative abundance Bacteroidetes 

in the fecal microbiota one year after VSL surgery.  
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 The composition of gut microbiota is closely related to development of 

obesity. However, the directionality in the relationship between bariatric surgery, 

microbiota and metabolic status of the host is not yet clear. 

1.3.2 Effects of gut microbiota on blood glucose 

 There is evidence that the composition of the gut microbiota is altered in 

T2D, but this is often difficult to separate from the effects of obesity. For example, 

a reduction in the abundance of Faecalibacterium prausnitzii is reported in both 

obese and diabetic patients. T2D associated gut microbiota is enriched in 

functions involved in sugar transport81. In a study comparing germ-free mice to 

mice born germ free, but then colonized with the gut microbiome derived from 

conventional (non-germ-free) mice, the colonized mice were observed to have a 

60% increase in fat mass and show indicators of reduced insulin sensitivity within 

two weeks of colonization85. This phenomenon in mice is accompanied by an 

increase in the intestinal glucose absorption as well as higher glycemia and 

insulinemia, two key metabolic factors promoting lipogenesis69.  

 Several probiotic strategies have been proposed to lower blood glucose 

and it has been demonstrated that plasma glucose level can be lowered through 

oral administration of heat-killed Lactobacillus casei strain Shirota in mice86. 

Prebiotic treatment with inulin-type fructans can induce changes in gut 

microbiota, modulate gut hormones including GLP-1 and PYY, which provide 

some evidence that prebiotics may mediate satiety and hunger sensation, 
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promote weight loss and improve glucose regulation87. Conversely, administering 

specific antibiotics can lower blood glucose and improve glucose control in obese 

mice88,89.  

 It is well established that gut microbiota plays a role in immune system 

development90. T2D can compromise aspects of gut barrier function and increase 

intestinal permeability to microbial derived factors that can activate inflammatory 

pathways and increase inflammation in metabolic tissues. This is one way that 

T2D can lead to inflammation and insulin resistance in insulin responsive tissues 

via stress responses and serine phosphorylation of IRS-180. 

 In addition, gut microbes can alter metabolism through generation of 

metabolic by-products, such as short chain fatty acids (SCFAs). These bacterial-

derived metabolites are produced by fermentation and can have beneficial or 

deleterious effects on host metabolism depending on the dose and metabolic 

process studied. SCFAs such as butyrate and acetate can help maintain 

epithelial barrier function and reduce intestinal permeability91. The SCFA butyrate 

can increase fatty acid oxidation and energy expenditure while decreasing body 

weight in humans92. Other studies have shown that butyrate can influence host 

appetite, energy extraction and absorption from the diet93,94. Oral administration 

of butyrate induces anti-inflammatory regulatory T cells, which can decrease 

macrophage infiltration in adipose tissue and improve insulin sensitivity92. 

Conversely, the microbial derived SCFA acetate can activate a parasympathetic 
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response that increases appetite, insulin levels and promotes the processes 

involved in T2D progression in mice95. 
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2.0 RATIONALE, HYPOTHESES AND RESEARCH AIMS 

2.1 Rationale 

 Bariatric surgery induces weight loss, leads to T2D remission and alters 

the composition of gut microbiota in both humans and animals. However, 

whether the change in the gut microbiota within a human patient is a standalone 

factor altering glucose metabolism has not yet been confirmed. The purpose of 

the present study is to examine the effect of the gut microbiota on blood glucose 

in mice that are exposed to the bacterial communities present in the feces of 

patients before and after bariatric surgery. Understanding the mechanisms of 

how the gut microbiota contributes to improving blood glucose homeostasis may 

allow for new insights in designing therapies to lower blood glucose and combat 

T2D. 

2.2 Hypothesis 

 We hypothesize that transplantation of the fecal microbiota from patients 

that have undergone BPD/DS or VSL bariatric surgery will lower blood glucose in 

mice. Furthermore, we hypothesize that transplantation of the abovementioned 

fecal microbiota would alter gut-mediated glucose metabolism, which would be 

demonstrated by a lower glucose transporter expression in the intestine and 

altered intestinal architecture indicated by lower villus height, crypt depth and 

goblet cell number in the upper gut.  
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2.3 Research aims 

Using fecal material obtained from female bariatric surgery patients and female 

conventional (specific-pathogen-free, SPF) and female germ-free (GF) BL6/NTac 

mice fed with CHOW diet, our research objectives were:  

1) To investigate the role of the gut microbiota from human donors before and 

after bariatric surgery on glucose homeostasis in mice. 

2) To determine if bariatric surgery-induced changes in the gut microbiota alter 

insulin secretion and/or the protein levels and the expression of genes 

involved in intestinal glucose absorption and metabolism.  

3) To investigate the role of the gut microbiota from human donors before and 

after bariatric surgery on intestinal morphology in the duodenum/jejunum and 

ileum.  
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3.0 EXPERIMENTAL METHODOLOGY 

3.1 Reagents and antibodies 

 For a full list of reagents and antibodies used, please refer to details 

contained in Table 1 and Table 2. 

Table 1. Reagents used in the studies 

Reagent Manufacturer Reagent Manufacturer

10X PCR Gold buffer Applied Biosystem Isopropanol VWR

5X SSIV buffer Invitrogen methanol VWR

Acetic acid, glacial Caledon MgCl2 Applied Biosystem

Acrylamide Fisher Bioreagent Molecular grade 
water

Mediatech

Albumin Bioshop NaCl Bioshop

Ammonium persulfate Sigma NaF Sigma

Amplitaq Gold Applied Biosystem Non-fat skim milk Selection

Anhydrous Ethanol Fisher Scientific, 
Commercial Alcohol

Oligo-dt(18) McMaster Mobix Lab

BCA Pierce Thermo Scientific oligonucleotide 
primer

McMaster Mobix Lab

BSA Bioshop PBS Thermo Fisher

chloroform Anachemia Pouceau S stain VWR

dithiothreitol (DTT) Invitrogen Protease Inhibitor 
Cocktail Tablet

Roche

DNAse I 10x Reaction 
buffer

Invitrogen random hexamers McMaster Mobix Lab

DNAse I Amplification 
grade

Invitrogen random 
pentadecamers

McMaster Mobix Lab

dNTP (dATP, dTTP, 
dGTP, dCTP)

Wisent Bio Product SDS Sigma Aldrich

ECL BioRad stripping buffer VWR

EDTA Sigma Superscript IV Invigrogen
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Table 2. Antibodies used in the studies 

3.2 Animal care and tissue collection 

 The McMaster University Animal Ethics Review Board approved all 

procedures. Female SPF and GF BL6/NTac mice were originally sourced from 

Taconic and bred in the Central Animal Facility (CAF) at McMaster University. 

Female mice aged between 8 and 11 weeks were fed with ad libitum access to 

standard CHOW diet and water. The CHOW diet used in all studies was Teklad’s 

irradiated global 18% protein rodent diet (2918). A schematic diagram of the 

study design is included in Figure 3. Experiments were conducted by transferring 

fecal materials from each human donors into either four SPF mice that have an 

established microbiota or four GF mice that lack gut bacteria. Fecal materials 

from three human donors were included in each study.  

Glucose Sigma TEMED BioRad

Glycine Bioshop Tris Base Bioshop

HCl Caledon Triton-X Sigma

HEPES Sigma TriZOL VWR Chemical

Homogenizer ceramic 
beads

Omni International Tween-20 Sigma

Reagent Manufacturer Reagent Manufacturer

Primary antibody Dilution Catalogue number Manufacturer

GLUT1 1:1000 ab115730 Abcam

α-actinin 1:1000 N/A N/A
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 Human patients were enrolled in the bariatric surgery care centre of the 

Institut Universitaire de Cardiologie et de Pneumologie de Québec, Universeté 

Laval (IUCPQ) according to the institutionally approved management 

procedures. Ethical approval was granted by the Canadian Institute of Health and 

Reach, policy no. 2017-2746 21386. All participants provided written informed 

consent. Human fecal samples from VSL and BPD/DS types of bariatric surgery 

were collected before and after a 12-month follow-up and frozen immediately at 

-20 ºC and subsequently stored at -80 ºC. Three patients that had undergone 

BPD/DS and three patients that had undergone VSL were selected based on the 

largest reduction in fasting blood glucose at the 12-month follow-up compared to 

fasting blood glucose before each surgery type and it was ensured that these 

patients had not used antibiotics. The frozen donor fecal sample was prepared 

1:10 (w:v) with PBS. The solution was mixed well and quickly spun at 1,500g. 

The supernatant was pipetted, aliquoted and stored at -80ºC for future use. In 

total, fecal microbiota transplantation (FMT) were completed in 4 separate 

cohorts.  

 Two studies were completed with GF mice, one experiment with FMT to 

GF mice from three BPD/DS donors, one experiment with FMT to GF mice with 

three VSL donors. Another two mouse studies were completed using SPF mice 

receiving FMT from the same BPD/DS and VSL fecal donors. FMT was 

conducted for 9 weeks by gavaging 3 times per week of 200 µL of the fecal 

material into 4 GF or 4 SPF mice from each patient selected (n=12). Autologous 
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FMT in a group of SPF mice was also conducted to serve as a control group 

(n=12). The same experiment protocol was applied to all four cohorts. Individual 

body weight and food intake per cage were measured weekly. At weeks 0, 3 and 

7, body composition was examined using Bruker’s minispec Whole Body 

Composition Analyzer LF 90II. At week 3 and week 7, oral glucose tolerance test 

(oGTT) was performed after a 6-hour fast. Mice were gavaged with 4 g/kg 

glucose solution equal to 10% of their body weight. Venous blood glucose was 

obtained at 0, 20, 30, 40, 60, 90 and 120 minutes. A glucose-stimulated insulin 

secretion (GSIS) test was conducted at week 8 after a 12-hour overnight fast. 

Mice were gavaged with 4 g/kg glucose solution equal to 10% of their body 

weight. At 0, 10, 60 and 120 minutes, blood glucose levels were measured using 

the Accu-Chek or Medisure glucometer. A full capillary tube (maximum volume: 

70 µL) of blood was also collected at 0, 10, 60 and 120 minutes post glucose (4 

g/kg) gavage into a 1.5 mL Eppendorf tube containing 7 µL of Protease Inhibitor 

Cocktail and 1.75 µL of DPP4 inhibitor with EDTA. Serum was obtained by 

centrifuging the blood at 16,260 x g for 10 minutes at 4 ºC using the Eppendorf 

Centrifuge 5804 R and storing at -80 ºC until further use. At week 9 of each study 

after a 12-hour overnight fast, whole blood was obtained by facial bleeding and 

serum was collected. Mice were then subsequently euthanized using cervical 

dislocation, with tissues harvested (liver, gonadal white adipose tissue (gWAT), 

inguinal white adipose tissue (iWAT), spleen, pancreas and tibialis anterior (TA) 

muscles), weighed and snap frozen in liquid nitrogen. Luminal contents from 
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intestinal segments were separated from host tissues (duodenum/jejunum, ileum, 

cecum with luminal content, colon), harvested and snap frozen in liquid nitrogen. 

All samples were stored at -80 ºC until needed.  

3.3 Serum analyses 

 The serum samples obtained after GSIS were analyzed by a postdoctoral 

fellow, Dr. Fernando Anhê, using Multiplex Immunoassays to quantify insulin and 

c-peptide. The protocol is adapted from Foley et al96. 

3.4 Gene expression analysis 

3.4.1 RNA extraction 

 Approximately 30 mg of each tissue was homogenized in 0.9 mL TRIzol® 

using ceramic beads. Homogenization was performed using MP Biomedical’s 

FastPrep-24TM Classic Instrument at 5 m/s for 60 seconds for three cycles. For 

isolating RNA from gWAT, a slight modification was used where 100 mg of 

starting material was obtained, homogenized, centrifuged for 10 minutes at 

16,260 x g at 4 ºC, and the supernatant was transferred to a new tube before 

initiation of the extraction process. Subsequently, for all sample tissues, 300 µL of 

chloroform was added and samples were vortexed, mixed well and incubated at 

room temperature for five minutes. Each sample was then centrifuged at 16,260 

x g for 10 minutes at 4 ºC. The upper aqueous phase was transferred into a fresh 

tube containing 500 µL isopropanol to precipitate RNA. The sample was mixed 

well and incubated at room temperature for 20 minutes. Followed by a 10-minute 

28



MSc. Thesis | Y Chen, McMaster University (Biochemistry)

centrifugation at 16,260 g, 4 ºC, the supernatant was discarded, and the RNA 

pellet was washed twice with 75% ethanol. The pellet was spun down after each 

wash at 16,260 x g for 5 minutes at 4 ºC. Following the last wash, remaining 

ethanol was allowed to evaporate before dissolving the RNA pellet in UltraPure 

distilled water that was pre-heated to 55 ºC. The sample was incubated at 55 ºC 

for 15 minutes using the VWR Hybridization Oven. RNA concentration was 

measured by spectrophotometry, using Biotek Nanodrop Synergy H4 Hybrid 

Reader. The samples were equalized to 250 ng/µL and stored at -80 ºC. 

3.4.2 cDNA synthesis 

 For each sample, 1 µg of the RNA was mixed with 0.5 µL of DNAse I 10x 

Reaction buffer and 0.5 µL DNAse I Amplification grade for 15 minutes at room 

temperature to eliminate single- and double-stranded DNA from the samples. 

Subsequently, 0.5 µL of EDTA (25mM), 0.5 µL of dNTP (10mM) and 0.5 µL of 

random hexamer primer (250 ng) were added to each sample. The sample was 

incubated in the SimpliAmp Thermal Cycler (Applied Biosystems) at 95 ºC for 10 

minutes to inactivate DNAse I and 55 ºC for 10 minutes to anneal the cDNA 

synthesis primer. cDNA was synthesized by adding 2 µL of 5X SuperScript™ IV 

buffer, 0.5 µL of DTT (0.1M), 0.5 µL of UltraPure distilled water and 0.5 µL of 

Superscript™ IV to each sample. Each sample was incubated in the thermal 

cycler at 55 ºC for 10 minutes and 80 ºC for 10 minutes. cDNA was diluted 1:10 
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in UltraPure distilled water and stored at -20 ºC for all samples except for the 

BPD/DS GF samples, which was diluted 1:25.  

3.4.3 RT-PCR Reactions 

 For BPD/DS GF mice samples, 10 µL of each cDNA sample was mixed 

with 10 µL of the master mix (per sample: 5.1 µL UltraPure water, 2 µL 10X PCR 

Gold buffer, 2 µL MgCl2, 0.4 µL dNTP (10 mM), 0.4 µL primer and 0.1 µL  

AmpliTaq® Gold). For a full list of commercial TaqMan primers used, refer to 

Table 3. RT-PCR was performed using Rotor-Gene Q (Qiagen), at 95ºC for 10 

seconds, then 58 ºC for 45 seconds for 50 cycles. All genes were normalized to 

the housekeeping gene Rn18S using the  method, using the pre-surgery 

mice group as the control condition. For all other samples, 15µL of the cDNA 

sample was added to 5 µL of the master mix, using 0.1 µL UltraPure water to 

compensate for the sample volume. 

Table 3. Primers used in RT-PCR 

2−ΔΔCT

Primer Gene Catalogue Number Manufacturer

Rn18S Rn18S Mm03928990_g1 ThermoFisher

GLUT1 Slc2a1 Mm0044180_m1 ThermoFisher

GLUT2 Slc2a2 Mm00446229_m1 ThermoFisher

GLUT3 Slc2a3 Mm004414983_m1 ThermoFisher

GLU5 Slc2a5 Mm00600311_m1 ThermoFisher

SGLT1 Slc5a1 Mm00451203_m1 ThermoFisher
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3.5 Protein Analysis 

3.5.1 Protein Extraction from tissues 

 Approximately 20mg of intestine was lysed in SBJ lysis buffer (50 mM 

HEPES, 150 mM NaCl, 100 mM NaF, 10 mM NaP2O7, 5mM EDTA·2H2O and 250 

mM sucrose) supplemented with 1% Triton-X and a quarter tablet of protease 

inhibitor cocktail. Subsequently, 10 µL of lysis buffer was used per 1 mg of 

sample tissue with 2 homogenizer compatible ceramic beads. Homogenization 

was performed using FastPrep-24TM Classic Instrument twice at 4.5 m/s for 30 

seconds. The samples were centrifuged for 15 minutes at 16,260 x g at 4 ºC and 

the supernatant was transferred to a new tube and stored at -80 ºC until needed.  

3.5.2 Total Protein Measurements 

 Protein concentrations were measured by bicinchoninic acid (BCA) assay. 

Lysate samples were diluted 1:5 in Milli-Q® water and serially diluted protein 

standards were calculated using 2 mg/mL albumin standard diluted in Milli-Q® 

water. The protein concentration assay was run using a clear 96-well plate. 

Followed the protocol outlined by Pierce, the BCA working reagent solution was 

prepared by mixing Reagent A and Reagent B in a 50:1 ratio and 0.2 mL of the 

working reagent was added to each sample. All samples were run in triplicates, 

incubated at 37 ºC for 30 minutes, and absorbance measures set at 562 nm were 

obtained using the Synergy H4 Hybrid Reader. Total protein concentration values 

were interpolated using Prism 8.0 software, based on the standard curve 

generated.  
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3.5.3 Immunoblotting 

 In contrast to standard immunoblotting techniques, samples were not 

heated to avoid the possible irreversible aggregation of glucose transporters97. 

Protein lysates were prepared by adding 4X Laemmli buffer (8% SDS, 40% 

glycerol, 240 mM Tris HCl (pH 6.8), 10% 2-mercaptoethanol and 0.02% 

bromophenol blue) and dithiothreitol (DTT) was added to lysates. 15 µg of protein 

was loaded onto a 10% SDS-PAGE gel and electrophoresis was carried out at 

112 V for 1 hour and 20 minutes. Proteins were transferred onto polyvinylidene 

fluoride membranes using the Trans-Blot Turbo System (bio-Rad) set at 25V for 

28 minutes. Pouceau S staining was performed to confirm equal loading and 

imaged using Bio-Rad Image lab. Membranes were cut at the 75 kDa mark. The 

upper parts of the membrane (protein size > 75 kDa) were blocked in 3% bovine 

serum albumin (BSA) for 1 hour. The lower parts of the membranes (protein size 

< 75kDa) were blocked in 5% non-fat skim milk (NFSM) for 1 hour. All 

membranes were then incubated with primary antibodies overnight at 4 ºC. All 

primary antibodies and their respective dilutions are listed in Table 2. Membranes 

were washed in Tris-buffered saline with 0.5% Tween-20 (TBS-T) for 4 times, 

each for 15 minutes. Membranes were then incubated with the horseradish-

peroxidase-conjugated anti-Rabbit IgG secondary antibodies. Secondary 

antibodies were diluted 1:10000 in 5% NFSM in TBS-T for the upper parts of the 

membranes and 1:10000 in 3% BSA in TBS-T for the lower parts of the 

membranes. Membranes were incubated for 1 hour at room temperature and 
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washed four times for 15 minutes each. Enhanced chemiluminescence (ECL) 

solution was prepared according to manufacturer directions and membranes 

were incubated in ECL solution for 5 minutes before detection on the Bio-Rad 

Imager. Band intensities were quantified using Bio-Rad Image Lab and the data 

was exported to ImageJ and Prism 8.0 software for further analysis.  

3.6 Histology  

3.6.1 Hematoxylin and Eosin Staining 

 Duodenum/jejunum, ileum, cecum and colon were immersed in Carnoy’s 

solution (6 mL ethanol, 3 mL chloroform and 1 mL glacial acetic acid) for a 3-hour 

fixation and arranged using the Swiss-rolling technique. The intestines were then 

washed with 100% ethanol 3 times and immersed in 70% ethanol for 72 hours. 

Afterwards, samples were sent to McMaster Histology department and 5 µm 

cross sections were cut and mounted onto slides stained with hematoxylin and 

eosin (H&E) to visualize intestinal architecture and subsequently analyzed to for 

cross sectional morphology. One slide was prepared from each intestine segment 

from each mouse. 

3.6.2 Image analyses 

 Images of H&E stained slides were acquired with a Nikon Eclipse Ni &DS-

QI2 microscope and analyzed using NIS-Elements COLOUR. Nikon software 

was used to define the borders of the intestinal cross section, and three 10x 

magnification images and six 20x magnification images were taken from each 
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slide. All slide images were exported to Image J for further analysis. Villus height, 

villus width and muscular layer thickness in the duodenum/jejunum and ileum 

slides were measured using the three 10x magnification images. Goblet cell 

count and crypt count in the duodenum/jejunum and ileum slides were measured 

using the six 20x magnification images. Crypt depth in the duodenum/jejunum 

was measured using the 10x magnification images while crypt depth in the ileum 

was measured using the 20x magnification images.  

3.7 Statistical analyses 

 Statistical analyses were carried out using Prism 8.0 software. Two-tailed 

unpaired, nonparametric Mann-Whitney tests were used to determine differences 

in two groups. For example, Mann-Whitney tests were used to compare the 

mean body mass between the pre-surgery and post-surgery GF mice. One-way 

analysis of variance (ANOVA) was used to determine differences among three 

groups. For example, one-way ANOVA was used to compare the total food intake 

among the autologous, pre-surgery and post-surgery SPF mice. Two-way 

ANOVAs were used to determine significant interaction between multiple means. 

For example, repeated measures ANOVA was used to compare the blood 

glucose level at different time points during the oGTT tests for all four animal 

studies. All results including the clinical data are expressed as mean ± SEM 

(standard error of the mean) with a p<0.05 considered significant.  
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4.0 RESULTS 

4.1 Body mass and blood glucose in bariatric surgery patients 

 We aimed to test whether alterations in the gut microbiota of human 

patients after bariatric surgery was a standalone factor altering glucose 

metabolism in mice. We used frozen fecal samples from the same patient before 

and after two different types of bariatric surgery. The fecal samples used and the 

patient data analyzed were collected by the Quebec Heart and Lung Institute at 

Laval University on patients before and after a 12-month follow-up for VSL and 

BPD/DS types of bariatric surgery. These data showed that severely obese 

patients undergone BPD/DS or VSL bariatric surgeries both had significantly 

lower body mass, fasting blood glucose and glycated hemoglobin (HbA1c) % 

when tested at 4 and 12 months after the surgery (Figure 4). Patients that 

underwent BPD/DS type of surgery had lost significantly more weight and had a 

greater lowering of HbA1c levels at 12 months, compared to those that had VSL 

surgery. Individual patient’s body mass, fasting blood glucose and HbA1c levels 

are shown after BPD/DS (Figure 5) and VSL (Figure 6). We then selected three 

patients that had undergone BPD/DS and VSL based on maximal reduction in 

fasting blood glucose at 12-month follow-up for each surgery type and ensured 

that these patients had not used antibiotics (Figure 7).  
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4.2 Body mass and body composition in SPF and GF mice after FMT from bariatric 

surgery patients 

 Both types of bariatric surgery reduced body weight and lowered blood 

glucose. We next used fecal samples from patients before and after both types of 

bariatric surgery to colonize mice in order to directly test if bariatric surgery-

induced changes in the fecal microbiota could alter blood glucose (Figure 3). We 

conducted FMT by gavaging (3 times per week) the fecal samples from each 

patient into 4 GF or SPF mice. Importantly, this was done for 4 GF and 4SPF 

mice from each patient selected in Figure 7 equating to n=12 mice per group. We 

also conducted autologous FMT in a group of SPF mice. We determined whether 

body mass and body composition changed in the recipient mice. Preliminary data 

collected by lab member Dr. Anhê showed that the percentage gain in body mass 

up to 8 weeks after FMT, as well as the total food intake, were not different in 

SPF mice with FMT from BPD/DS bariatric surgery patients (Figure 8). Body 

composition measured at week 7 revealed that all the SPF mice that had FMT 

from BPD/DS surgery had no difference in the fat, lean and fluid mass (Figure 9). 

Furthermore,  in SPF mice with FMT from VSL patients confirmed all of these 

findings, showing no differences in body mass, body composition or food intake 

(Figure 10, 11). Similarly, performing the same FMT procedures from the same 

VSL and BPD/DS patient samples in GF mice, showed no significant differences 

in body mass, body composition or food intake (Figure 12-15). Overall, the data 
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revealed that FMT from VSL or BPD/DS patients did not alter body mass, body 

composition or food intake when transferred to either SPF or GF mice. 

4.3 Blood glucose homeostasis in SPF and GF mice after FMT 

 We found that FMT from VSL or BPD/DS patients did not alter body mass 

or body composition in mice, which allowed us to test if the microbiota could alter 

blood glucose without changes in body mass. We conducted oGTTs in SPF and 

GF mice at 3 and 7 weeks after FMT, which allowed us to examine if FMT from 

bariatric surgery patients altered glucose homeostasis. Specifically, we tested if 

the duration of colonization could dictate changes in glycemia, where we have 

previously shown that at least ~40 days post FMT is required to alter blood 

glucose using FMT between mice89.  

4.3.1 Blood glucose homeostasis in SPF mice with BPD/DS FMT 

 Data collected by Dr. Anhê showed that three weeks after colonization of 

SPF mice using FMT from BPD/DS patients, mice that received FMT from the 

post-surgery group exhibited significantly lower blood glucose at 20 minutes 

during the oGTT compared to the pre-surgery group (Figure 16A). However, this 

did not translate into an overall lower AUC for the post-surgery group (Figure 

16B). Seven weeks after colonization of SPF mice using FMT from BPD/DS 

patients, the data showed no difference among the three groups at any time 

points during oGTT and the AUC was similar for all the groups (Figure 16C, 16D). 
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4.3.2 Blood glucose homeostasis in SPF mice with VSL FMT 

 Three weeks after colonization of SPF mice using FMT from VSL patients, 

the data showed that the post-surgery group had lower blood glucose at 20 and 

30 minutes during the oGTT compared to the autologous and pre-surgery group 

(Figure 17A). Nevertheless, the total AUC during this oGTT was not different 

between the pre- and post-surgery groups, but only for the autologous and pre-

surgery groups (Figure 17B). Seven weeks after colonization of SPF mice using 

FMT from VSL patients showed that the AUC during the oGTT was similar for all 

three groups and only a significant difference between the autologous and the 

pre-surgery group 30 minutes during the oGTT was observed. These data 

suggested that FMT from the same patients obtained before and after two types 

of bariatric surgery was not able to robustly alter blood glucose during an oral 

glucose challenge in SPF mice.  

4.3.3 Blood glucose homeostasis in GF with BPD/DS FMT 

 We next determined changes in glycemia after FMT in GF mice. Data on 

GF mice with FMT from BPD/DS patients showed no difference in blood glucose 

at specific time points and no difference in the AUC during the oGTT when tested 

at three weeks after FMT (Figure 18A, 18B). However, data obtained seven 

weeks after this colonization showed that the post-surgery group had significantly 

lower blood glucose at 30 minutes during the oGTT and AUC for blood glucose 
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was also significantly lower compared to mice that had pre-surgery FMT (Figure 

18C, 18D).  

4.3.4 Blood glucose homeostasis in GF with VSL FMT 

 FMT from VSL patients into GF mice demonstrated similar results (Figure 

19). No difference was seen three weeks after colonization using FMT from VSL 

patients (Figure 19A, 19B). However, the post-surgery group had a significantly 

lower blood glucose at 40 minutes during the oGTT and a lower AUC for blood 

glucose when tested seven weeks after colonization using FMT from VSL 

patients. These data showed that when GF mice were colonized for an adequate 

amount of time, bariatric surgery-induced changes in gut microbiota was an 

independent factor that was sufficient to improve glucose control during an oral 

glucose challenge. 

 We tested 4 GF mice for each fecal sample obtained from a given patient 

before and after bariatric surgery. Hence, we wanted to determine if changes in 

blood glucose were driven by the response from a single human donor or if each 

donor produced a consistent response in changing blood glucose in mice. 

Therefore, we next analyzed the AUC of blood glucose during the oGTT for GF 

mice colonized for seven weeks and stratified the results by each human donor. 

The values obtained from mice colonized by the three donors selected for each 

surgery type showed comparable responses (Figure 20). Therefore, we 
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confirmed that microbiota-transmissible changes in blood glucose in GF mice 

was not driven by a single or subset of donors. 

4.4 Insulin and c-peptide levels in SPF and GF mice after FMT 

 We found that transfer of the microbiota in fecal samples after bariatric 

surgery lowered blood glucose during an oGTT when conducted 7 weeks after 

FMT in GF mice. However, the mechanisms contributing to FMT-induced 

changes in glucose homeostasis remained ill-defined. To further investigate on 

whether bariatric surgery-induced changes in gut microbiota altered insulin 

secretion and insulin sensitivity and led to lower blood glucose, we quantified 

insulin and c-peptide in the serum of GF and SPF mice after FMT from pre- and 

post-surgery BPD/DS patients. The data showed no differences in insulin and c-

peptide levels in SPF or GF mice (Figure 21, 22A, 22B, 23, 24A, 24B). In order to 

further examine on ß-cell function and insulin resistance, HOMA-IR index was 

calculated using the formula “(fasting insulin [mUI/mL] x fasting glucose [mmol/L]) 

/22.5”. The HOMA-IR index was not different in SPF or GF mice after FMT from 

pre- and post-surgery BPD/DS patients (Figure 22C, 24C).  

4.5 Glucose transporter transcript levels in the intestine of SPF and GF mice after 

FMT 

 We found that transfer of the microbiota in fecal samples after bariatric 

surgery lowered blood glucose during an oGTT, but FMT did not alter indices of 

insulin secretion or insulin sensitivity. We next investigated whether bariatric 
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surgery-induced changes in gut microbiota altered mechanisms of intestinal 

glucose absorption. We assessed the expression levels of Glut1, Glut2, Glut3, 

Glut5 and sodium-dependent glucose co-transporter 1 (Sglt1) in the duodenum/

jejunum, ileum and colon segments of GF mice. FMT using fecal samples before 

and after BPD/DS and VSL into GF mice showed that post-surgery FMT resulted 

in decreases in the transcript level of Glut1 in the ileum of mice (Figure 25B, 

25E). Glut2 transcript levels decreased in the duodenum/jejunum of GF mice with 

VSL post-surgery FMT, but this was not seen in those with BPD/DS FMT (Figure 

25A, 25D). Glucose transporter transcript levels were not significantly different in 

the colon of GF mice after FMT from either surgery type (Figure 25C, 25F). We 

next measured Glut1 and Glut2 transcript levels in the duodenum/jejunum and 

ileum segments of SPF mice, and no difference was observed (Figure 26). 

However, it was not yet clear whether these changes in Glut1 were localized to 

the intestine, and whether this change could translate to GLUT1 protein level.  

4.6 Glucose transporter transcript levels in the muscle, liver and adipose tissue of 

GF mice after FMT 

 We next determined whether changes in the transcript level of Glut1 was 

reflected in other tissues of the mice. Glut1 was measured in the liver, gonadal 

white adipose tissue (gWAT) and tibialis anterior (TA) muscle in GF mice that 

received FMT from patient samples obtained before and after BPD/DS and VSL. 

These data showed that Glut1 was not different in the liver and gWAT tissues. 
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However, GF mice that received FMT from post-surgery BPD/DS donors had 

significantly higher Glut1 transcript level in the TA muscle (Figure 27). Therefore 

we showed that changes in the transcript level of Glut1 was not localized to the 

intestine, and that bariatric surgery-induced changes in the microbiota can 

decrease Glut1 transcript levels in the upper intestine and increase Glut1 

transcript levels in the hindlimb skeletal muscle. 

4.7 GLUT1 protein level in the ileum of GF mice after FMT 

 Western blotting was performed for immunoreactive GLUT1 in the ileum 

from GF mice that received FMT before and after BPD/DS and VSL (Figure 28). 

No significant difference was found in the relative amounts of GLUT1 protein 

between groups (Figure 29), indicating that gut microbiota altered by bariatric 

surgery was not able to translate changes to the protein level of GLUT1.  

4.8 Intestinal morphology in the duodenum/jejunum of GF mice after FMT 

 We next investigated whether bariatric surgery-induced changes in gut 

microbiota altered the morphology of upper intestine segments of GF mice with 

FMT from BPD/DS donors. H&E (Haemotoxylin and Eosin) staining of transverse 

sections of duodenum/jejunum displayed no overt visual differences between GF 

mice that received FMT from the pre- and post-surgery samples (Figure 30). 

Mean villus height, villus width, muscle layer thickness and crypt depth were not 

significantly different in the duodenum/jejunum of these GF mice either (Figure 

31A, 31C-31E). However, the number of goblet cells per 10 crypts was 
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significantly decreased in GF mice with post-surgery FMT from BPD/DS patients 

(Figure 31B).  

4.9 Intestinal morphology in the ileum of GF mice after FMT    

 H&E stained sections of the ileum were also analyzed from GF mice with 

FMT from BPD/DS patients. Mean villus width and muscle layer thickness were 

not significantly different in the ileum of GF mice that received FMT from pre- and 

post-surgery samples (Figure 32, 33C, 33D). Similar to the H&E stained sections 

of duodenum/jejunum, the mice with post-surgery FMT showed decreased 

number of goblet cells per 10 crypts (Figure 33B). However, the ileum of GF mice 

with post-surgery FMT also had lower mean villus height and crypt depth, 

compared to those that received FMT from the pre-surgery samples of same 

BPD/DS patients (Figure 33A, 33E).  
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5.0 DISCUSSION 

 The mechanisms contributing to gut microbiota-driven changes in obesity 

and T2D remain unclear. Alterations in gut microbiota can lead to changes in 

microbiota richness and diversity as well as microbiota’s ability to extract energy 

from food, which together influence energy balance and lipid deposition. Gut 

microbiota can also influence host sugar transport and satiety-related gut 

hormone regulation, insulin sensitivity and blood glucose control80. The gut 

microbiota also influences many aspects of immune system development, 

including innate and adaptive aspects of immunity, gut barrier function and gut 

permeability80,103. The gut microbiota also generates unique metabolites (such as 

SCFAs) that have wide-ranging effects on host immunity and metabolism. These 

immunometabolism factors can work together to alter inflammation, energy 

balance and blood glucose homeostasis. The purpose of this thesis was to test if 

alterations in the microbiota induced by bariatric surgery was an independent 

factor that alters host blood glucose control and then to probe the underlying 

mechanism of action that could mediate this microbe-host response. We found 

that GF mice receiving post-surgery FMT from bariatric surgery patients had 

significantly lower blood glucose comparing to those with pre-surgery FMT from 

the same patients. This lowering blood glucose effect was due to insulin-

independent mechanisms, including alterations in the intestinal glucose 

absorption. Changes in intestinal morphological characteristics were also 

associated with better glucose control in GF mice.  
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5.1 Blood glucose homeostasis was improved in GF mice receiving post-surgery 

FMT 

 It was known that bariatric surgery altered gut microbiota composition in 

human patients and it is associated with better glucose control and T2D 

remission in a significant number of patients22,45,46. Here we showed that FMT 

from post-bariatric surgery patients was a stand-alone factor that could improve 

glucose tolerance in GF mice. We found that exposing GF mice to fecal microbes 

present ~1 year after surgery lowered blood glucose during an oral glucose 

challenge when directly compared to GF mice exposed to fecal microbes from 

the same patients before bariatric surgery. Importantly, GF mice must be 

exposed to these human microbes for at least 7 weeks in order for changes in 

glycemia to manifest, an effect that is consistent with our previous results 

showing that the exposure time to gut microbes is a key factor dictating the effect 

of the microbiota on obesity-induced changes in blood glucose89. We also tested 

fecal microbes from two difference types of bariatric surgery patients and found 

that both restrictive and malabsorptive types of bariatric surgery promoted 

changes in the fecal microbiota that improved glucose control. We then focused 

on BPD/DS, since it was the most potent type of bariatric surgery for 

improvement in blood glucose. We aimed to understand whether improved 

glucose homeostasis induced by FMT results from changes in insulin sensitivity, 

insulin secretion or intestinal glucose transport. We found no differences in 

insulin or c-peptide levels in the serum of GF mice after FMT from pre- and post-
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surgery BPD/DS patients. Therefore, FMT-driven improvement in glucose 

homeostasis in GF mice was not associated with increased insulin secretion. The 

HOMA-IR index was next used to estimate insulin resistance in the fasted state 

of GF mice and we found that FMT from pre- and post-surgery BPD/DS patients 

did not alter this index of insulin resistance. Thus, we found little evidence of 

changes in insulin levels or insulin resistance in GF mice after FMT, which leaves 

microbe-induced changes in glucose absorption as a candidate for changes in 

glucose homeostasis. 

5.2 Changes in the expression of genes involved in intestinal glucose absorption 

was associated with improved glucose homeostasis in GF mice 

 We next investigated mechanisms that could underpin changes in glucose 

absorption. We analyzed expression levels of genes involved in intestinal 

glucose absorption in GF mice after FMT using fecal samples before and after 

BPD/DS and VSL. We found decreases in the transcript level of Glut1 in the 

ileum of mice receiving post-surgery FMT. Changes in Glut1 expression can 

correlate with cellular glucose transport. For example, increased Glut1 correlated 

with higher intestinal glucose uptake and improved glycemic control seen in 

RYGB-treated rats when compared to sham-operated rats26. Higher Glut1 was 

also seen in gastrointestinal carcinoma and it acts as a potential marker for 

malignant transformation98. Our study has shown contradictory results that 

decreased Glut1 correlated with improved glycemic control in GF mice that 

received post-surgery fecal microbiota from patients undergone BPD/DS or VSL 
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bariatric surgery. One explanation may be that GF mice involved in this study did 

not undergo any surgery or gut segment rearrangement. The effect of FMT alone 

on glycemia control and intestinal glucose absorption is a subset of the potent 

effects of bariatric surgery, and thus may not involve changes on the transcript 

level of genes involved in glucose absorption. More importantly, we followed this 

mRNA expression analysis by measuring changes in GLUT1 protein in the ileum. 

We found that FMT did not alter GLUT1 protein levels in the ileum, suggesting 

that the change in intestinal GLUT1 is not a key mechanism that could explain 

improved glucose control in GF mice after FMT.  

 Changes in the transcript level of Glut1 was not localized to the intestine. 

GF mice that received FMT from post-surgery BPD/DS donors had significantly 

lower Glut1 transcript level in the upper intestine, but also higher Glut1 transcript 

level in the hindlimb skeletal muscle. Skeletal muscle contributes to a large 

portion of total body mass and contributes as a sink for blood glucose disposal99. 

In fact, impaired muscle glucose uptake is associated with decreased GLUT1 

protein levels in the skeletal muscle98. Therefore, the increased Glut1 transcript 

level seen in the TA muscle of GF mice that received FMT from post-surgery 

BPD/DS donors may be associated with increased glucose disposal during the 

oGTT conducted in our study. This correlation would fit with the insulin-

independent action of GLUT1 (as opposed to insulin-dependent action of 

GLUT4) since our results showed no changes in blood insulin or whole body 

indices of insulin sensitivity. Therefore, one possibility is that FMT with post-
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surgery microbes leads to higher levels of muscle GLUT1, which promote 

increased insulin-independent disposal of blood glucose in GF mice. The 

microbe-induced signals that connect a gut-muscle axis are not yet clear, but 

there are several candidate molecules and pathways, including SCFAs100,101.  

These results warrant future investigation of GLUT1 protein levels in skeletal 

muscle and microbial mediators of a gut-muscle axis. 

5.3 Alteration in blood glucose homeostasis was associated with changes in the 

gut morphology of GF mice  

 We next investigated how FMT altered features of the intestine other than 

the expression of glucose transporters. Surprisingly, we found that FMT altered 

the architecture of the intestine. We demonstrated that the number of goblet cells 

per 10 crypts was significantly decreased in the duodenum/jejunum and ileum of 

GF mice with post-surgery FMT from BPD/DS patients. The ileum of GF mice 

with post-surgery FMT also had lower mean villus height and crypt depth, 

compared to those that received FMT from the pre-surgery samples of same 

BPD/DS patients. It is known that crypt depth, villus height and goblet cell 

number in each intestinal segment are associated with food absorption efficiency 

and inflammation102,103. In the small intestine, shorter villi and deeper crypts are 

associated with fewer absorptive and more secretory cells, leading to impaired 

nutrient absorption102. In addition, these morphometric characteristics influence 

the pathogenesis of diarrhea, as demonstrated in postweaning pigs102. Goblet 

cells also secrete mucins, which act as the main structural component of 
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intestinal mucus layer, the frontline of innate host defense against microbial 

invasion104-106. An elevated goblet cell count and the development of goblet cell 

hyperplasia are associated with pathogenic microbial infection103. In our study, 

we found lower goblet cell count and shorter villus height are correlated with 

better glucose control, which are both observed in GF mice with post-surgery 

FMT from BPD/DS patients. Nevertheless, whether better glucose control seen in 

these GF mice accompanies with impaired nutrient absorption and less microbial 

infection remains unknown.  

5.4 Future directions 

 The results of this thesis have shown that fecal microbes from humans 

after bariatric surgery are a stand-alone factor that can alter blood glucose, and 

the intestinal architecture in GF mice exposed to this new microbial community 

for a sufficient duration (i.e. 7 weeks) can be changed. Our results show changes 

in goblet cell numbers, but an important future direction will be to assess the 

progression of alterations in the innate and adaptive immune systems in different 

tissues of GF mice that received FMT from bariatric surgery patients. An 

interesting future direction would be to characterize circulating immune factors 

and cells in tissues that help control blood glucose and the intestine. Other 

aspects of immunity should also be investigated after FMT. For example, it 

should be examined whether the mucus thickness and bacterial encroachment 

towards the epithelial barrier are affected by FMT from patients before and after 
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bariatric surgery. The mucus layer, comprised of goblet cells, can influence 

inflammation by providing a barrier between luminal bacteria and the host 

epithelium107. Mice with a thinner mucus layer have more contact between the 

epithelium and luminal bacteria, which leads to exacerbation of a transient 

inflammatory state around the time of weaning108. Bacterial encroachment refers 

to the shrinking of a “bacteria-free” zone that is adjacent to the epithelium109. 

Bacterial encroachment is associated with inflammatory bowel disease in human 

and colitis and metabolic syndrome in mouse models, which can lead to low-

grade inflammation109,110. In diabetic human patients, the primary predictor of 

bacterial encroachment is dysglycemia; however, the same result was not 

confirmed in mouse models since high glucose levels alone were not able to 

cause encroachment in mice109. An important future direction would be to test if 

human-associated gut bacteria rather can influence hyperglycaemia-induced 

encroachment in mice. The relationships between mucus layer thickness, 

bacterial encroachment, glycemia and inflammation warrant further examination. 

 One aspect that should be examined is small intestinal epithelial cell (IEC) 

staining, which would allow visualization of structural characteristics of the IECs 

in the GF mice that received bariatric surgery patient FMT. Conducting 

fluorescent in situ hybridization (FISH) would then allow visualization of bacteria 

location, which further allows the quantification of bacterial encroachment in the 

intestine. Specific probes for different bacteria strains could also be developed to 

detect if certain bacteria are prone to bacterial encroachment.  
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 We could also assess glucose absorption in the mice by means of glucose 

analog, such as 3-O-methyl glucose (3-OMG). 3-OMG is absorbed by the same 

intestinal transport mechanism as glucose. Unlike glucose, it is not metabolized 

by the liver111,112. Therefore, plasma [3-OMG] can be used as an index of glucose 

absorption. Dr. Fernando Forato Anhê from Schertzer lab has conducted a study 

with GF mice that received fecal material from BPD/DS donors. He showed that 

after 7 weeks of FMT, GF mice receiving post-BPD/DS-surgery fecal material has 

a significantly lower rate of 3-OMG absorption compared to those receiving pre-

BPD/DS-surgery fecal material (Figure 34). This reveals that gut microbiota could 

lead to differences in glucose absorption in GF mice and is worth further 

investigation. 

 In addition, it would be beneficial to perform 16S RNA and/or 

metagenomic sequencing on the intestinal segment-specific microbiome to 

obtain a bacterial profile from the GF mice that received FMT from BPD/DS or 

VSL patients. It would be interesting to determine if certain strains of bacteria 

have altered population in the GF mice that received post-surgery FMT, which 

correlated with better glucose tolerance. If such bacteria strains are found, we 

could further test if they are standalone factors to induce improved glucose 

control in GF mice. This could be tested by transplanting GF mice with these 

specific strains of bacteria and conduct oGTT tests to measure their blood 

glucose.  
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 Last but not least, it is possible that FMT of bariatric surgery patients’ fecal 

sample into GF mice does not only lead to changes in the transcript level of 

genes involved in glucose transport, but also those that are involved in 

inflammation. qPCR could be performed on tissues and gut segments, with 

targets such as TNF-α, IL-4, interferon gamma (IFN-γ) among many other 

factors.  

5.5 Limitations 

 There are several limitations in this thesis. In our model of study, female 

SPF and GF mice were transplanted with fecal material from female donors that 

underwent bariatric surgery. The effect of sex should be determined using FMT 

from male bariatric surgery patients into male SPF and GF mice. Further, it would 

be interesting to expose female mice to the microbes from male human donors 

and vice versa. Additionally, it is recognized that fecal material from the human 

donors is not able to represent the whole microbiota of the donor as it only 

contains a small subset of the donor’s microbes. These studies were limited by 

the starting material that could be obtained from bariatric surgery patients, which 

was only fecal material and not from other gut segments. Further, the fecal 

material from humans had to be frozen and stored before use in GF mice. 

Freezing the fecal bacterial community can affect the viability of certain bacteria. 

However, despite this limitation, we found that FMT could alter blood glucose in 

mice. Hence, an important future test will be to assess if live bacteria are 
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required to change blood glucose in mice. It is possible that postbiotics and dead 

bacteria are sufficient to alter blood glucose during the FMT.  

 Our experiments were also limited by what could be achieved in a limited 

supply of GF mice and what can be done reliably in a single mouse given ethical 

and blood volume constraints. As mentioned in the results section, we have 

calculated HOMA-IR to assess the level of insulin resistance in mice. However, 

we have not examined the insulin sensitivity of these mice by means of 

hyperinsulinemic euglycemic clamps, which is often used as a gold standard for 

directly measuring insulin resistance and can detect tissue-specific glucose 

disposal.  

 Finally, our experiments focus on the potential effects of changes in insulin 

resistance or glucose absorption have on glucose homeostasis in mice. It is not 

known how changes in the immune system contribute to the blood glucose 

phenotype observed in GF mice that received post-surgery FMT. As mentioned in 

the future directions, it will be of our interest to investigate if there are 

transcriptional or cellular differences in genes that are involved in inflammation. 
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6.0 CONCLUSION 

 Bariatric surgery can lead to weight loss and improved glucose tolerance 

in humans and this surgical intervention alters the composition of intestinal 

microbiota. However, the mechanism by which gut microbiota alters blood 

glucose after bariatric surgery is still not well understood. We have completed 

studies to test the direct effect of changes in microbiota within the same patient 

before and after two types of bariatric surgery by colonizing mice with the fecal 

material from human patients. We found that FMT caused no significant changes 

in body weight, fat mass, glucose tolerance or glucose transporter mRNA 

expression in all intestine segments in SPF mice that already harbored a 

complex gut microbiota. However, FMT into GF mice lowers blood glucose during 

an oral glucose challenge when post-surgery human fecal samples were used 

after either a restrictive or malabsorptive bariatric surgery. Despite observing a 

blood glucose lowering effect, we found no evidence for the microbiota-induced 

changes in blood insulin or insulin sensitivity, which pointed towards FMT’s role in 

altering glucose absorption. There was no consistent signature of changes in 

intestinal glucose transporters associated with changes in blood glucose caused 

by post-surgery FMT other than decreased ileal Glut1 transcript levels, which 

was not confirmed at the GLUT1 protein level. However, exposure to post-

surgery microbes was sufficient to alter intestinal architecture in mice, with a 

significant decrease in goblet cell count, villus height and crypt depth in the ileum 

after FMT. Future research should elucidate specific microbial factors that 
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connect a gut-muscle axis or influence intestinal carbohydrate absorption. This 

would provide greater insight into mechanisms of how gut microbiota regulates 

blood glucose and factors that can be targeted to generate new therapies for 

diabetic patients.  
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Figure 1: Predominant locations of glucose transporters in the intestine area. 
Predominant locations of GLUT1, GLUT2, GLUT3, GLUT5 and SGLT1 depicted in the 
intestine area. 
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Figure 2: Common types of bariatric surgery. 
(a): Roux-en-Y gastric bypass (RYGB); (b): laparoscopic adjustable banding; ©: vertical 
sleeve gastrectomy (VSL); (d) biliopancreatic diversion with duodenal switch (BPD/DS). 
All the figures are adapted from Geraci et al (2014).   
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Figure 3: Schematic of experimental design and methods. 
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Figure 4: Body mass and blood glucose in bariatric surgery patients  

Changes in body mass (A), fasting blood glucose (FBG) (B), and HbA1c level (C) 
of 12 patients undergone biliopancreatic diversion with duodenal switch (BPD/DS) and 
10 patients undergone vertical sleeve gastrectomy (VSL) were recorded at 0, 4 and 12 
months after bariatric surgery operation. Values represented as mean ± SEM, n=10 for 
BPD/DS group and n=8 for VSL group. Significant differences between 0 vs 4, 4 vs 12 
and 0 vs 4 months are found in patient’s BW, FBG and HbA1c level using Tukey’s 
multiple comparison test. *significantly different from the BPD/DS group by multiple t 
tests. 
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in patient’s BW, FBG and HbA1c level using Tukey’s multiple comparison test. *significantly
different from the BPD/DS group by multiple t tests.
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Figure 5: Body mass and blood glucose in BPD/DS surgery patients.  

Changes in ten patients’ body mass (A), fasting blood glucose (FBG) (B) and HbA1c 
level (C) were recorded at 0, 4 and 12 months after bariatric surgery operation. 
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Figure 3: Body mass and blood glucose in BPD/DS surgery patients.

Changes in ten patient’s body mass (A), fasting blood glucose (FBG) (B) and HbA1c 
level (C) were recorded at 0, 4 and 12 months after bariatric surgery operation.   
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Figure 6: Body mass and blood glucose in VSL surgery patients.  

Changes in eight patients’ body mass (A), fasting blood glucose (FBG) (B) and HbA1c 
level (C) were recorded at 0, 4 and 12 months after bariatric surgery operation.  
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Figure 7: Changes in fasting blood glucose of selected patients undergone 
bariatric surgeries.  

Three patients labelled as Donor 1, Donor 2 and Donor 3 were selected as fecal 
microbiota donors from the ten BPD/DS patients recorded in Figure 5 (B). Three patients 
labeled as Donor 1, Donor 2 and Donor 3were selected as fecal microbiota donors from 
the eight VSL patients recorded in Figure 6 (B). Percentage change in fasting blood 
glucose from Pre-surgery to 12 months Post-surgery was recorded for the selected 
donors.  
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Figure 8: Body features of female SPF mice received fecal microbiota from BPD/
DS donors.  

Body mass % gain with comparison to base level at week 0 (A) and cumulative food 
intake (B) was recorded weekly. Values represented as mean ± SEM, n=12 for all 
groups. 
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Body mass % gain with comparison to base level at week 0 (A) and cumulative food intake (B) was
recorded weekly. Values are mean ± SEM, n=12 for all groups. 
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Figure 9: Body composition of female SPF mice received fecal microbiota from 
BPD/DS donors.  

Fat (A), lean (B) and fluid (C) mass were measured at week 7 of the study. Values 
represented as mean ± SEM, n=12 for all groups.  
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Figure 8: Body composition of female SPF mice received fecal microbiota from 
BPD/DS donors. 

Fat (A), lean (B) and fluid (C) mass was measured at week 7 of the study. Values are mean ± SEM, 
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Figure 10: Body features of female SPF mice received fecal microbiota from VSL 
donors.  

Body mass % gain with comparison to base level at week 0 (A) and cumulative food 
intake (B) were recorded weekly. Values represented as ± SEM, n=12 for all groups. 
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from VSL donors.

Body mass % gain with comparison to base level at week 0 (A) and cumulative food intake (B) 
was recorded weekly. Values are mean ± SEM, n=12 for all groups. 
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Figure 11: Body composition of female SPF mice received fecal microbiota from 
VSL donors.  

Fat (A), lean (B) and fluid (C) mass were measured at week 7 of the study. Values 
represented as mean ± SEM, n=12 for all groups. 
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VSL donors. 

Fat (A), lean (B) and fluid (C) mass was measured at week 7 of the study. Values are mean ± SEM, 
n=12 for all groups.  
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Figure 12: Body features of female GF mice received fecal microbiota from BPD/
DS donors.  

Body mass % gain with comparison to base level at week 0 (A) and cumulative food 
intake (B) were recorded weekly. Values represented as mean ± SEM, n=11 for Pre-
surgery group and n=12 for Post-surgery group. 
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Body mass % gain with comparison to base level at week 0 (A) and cumulative food intake (B) was
recorded weekly. Values are mean ± SEM, n=11 for Pre-surgery group and n=12 for Post-surgery
group.
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Figure 13: Body composition of female GF mice received fecal microbiota from 
BPD/DS donors.  

Fat (A), lean (B) and fluid (C) mass was measured at week 7 of the study. Values 
represented as mean ± SEM, n=11 for Pre-surgery group and n=12 for Post-surgery 
group.  
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Figure 12: Body composition of female GF mice received fecal microbiota from 
BPD/DS donors. 

Fat (A), lean (B) and fluid (C) mass was measured at week 7 of the study. Values are mean ± SEM, 
n=11 for Pre-surgery group and n=12 for Post-surgery group.
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Figure 14: Body features of female GF mice received fecal microbiota from VSL 
donors.  

Body mass % gain with comparison to base level at week 0 (A) and cumulative food 
intake (B) were recorded weekly. Values represented as mean ± SEM, n=10 for both 
groups.  
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Figure 13: Body features of female GF mice received fecal microbiota from 
VSL donors.

Body mass % gain with comparison to base level at week 0 (A) and cumulative food intake (B) 
was recorded weekly. Values are mean ± SEM, n=10 for both groups.

Pre-surgery Post-surgery
0

50

100

150

200

250

To
ta

l f
oo

d 
in

ta
ke

 (g
)

1 2 3 4 5 6 7 8

-10

0

10

20

Weeks

B
od

y 
m

as
s 

ga
in

 (%
)

Pre-surgery
Post-surgery



MSc. Thesis | Y Chen, McMaster University (Biochemistry)




Figure 15: Body composition of female GF mice received fecal microbiota from 
VSL donors.  

Fat (A), lean (B) and fluid (C) mass were measured at week 7 of the study. Values 
represented as mean ± SEM, n=10 for both groups.  
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Figure 14: Body composition of female GF mice received fecal microbiota from 
VSL donors. 

Fat (A), lean (B) and fluid (C) mass was measured at week 7 of the study. Values are mean ± SEM, 
n=10 for both groups.  
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Figure 16: Glucose curve and corresponding AUC in female SPF mice received 
fecal microbiota from BPD/DS donors.  

Glucose curve and corresponding AUC recorded at week 3 (A and B) and week 7 (C 
and D) of the study. Values are mean ± SEM, n=12 for all groups, *significantly different 
between the pre and post-surgery groups by two-way ANOVA.  

84

B

C

Figure 15: Glucose curve and corresponding AUC in female SPF mice received 
fecal microbiota from BPD/DS donors.

Glucose curve and corresponding AUC recorded at week 3 (A and B) and week 7 (C and D) of
the study. Values are mean ± SEM, n=12 for all groups, *significantly different between the pre and 
post-surgery groups by two-way ANOVA.   
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Figure 17: Glucose curve and corresponding AUC in female SPF mice received 
fecal microbiota from VSL donors.  

Glucose curve and corresponding AUC recorded at week 3 (A and B) and week 7 (C 
and D) of the study. Values are mean ± SEM, n=12 for all groups, *significantly different 
between the pre and post-surgery groups, ^significantly different between autologous 
and post-surgery groups, $significantly different between autologous and pre-surgery 
groups by two-way ANOVA. 
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fecal microbiota from VSL donors.

Glucose curve and corresponding AUC recorded at week 3 (A and B) and week 7 (C and D) of
the study. Values are mean ± SEM, n=12 for all groups, *significantly different between the pre and 
post-surgery groups, ^significantly different between autologous and post-surgery groups, 
$significantly different between autologous and pre-surgery groups by two-way ANOVA.   
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Figure 18: Glucose curve and corresponding AUC in female GF mice received 
fecal microbiota from BPD/DS donors.  

Glucose curve and corresponding AUC recorded at week 3 (A and B) and week 7 (C 
and D) of the study. Values are mean ± SEM, n=11 for Pre-surgery group and n=12 for 
Post-surgery group. *significantly different from pre-surgery group by Mann-Whitney test. 

86

B

C

Figure 17: Glucose curve and corresponding AUC in female GF mice received 
fecal microbiota from BPD/DS donors.

Glucose curve and corresponding AUC recorded at week 3 (A and B) and week 7 (C and D) of 
the study. Values are mean ± SEM, n=11 for Pre-surgery group and n=12 for Post-surgery group. 
*significantly different from pre-surgery group by Mann-Whitney test.   
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Figure 19: Glucose curve and corresponding AUC in female GF mice received 
fecal microbiota from VSL donors.  

Glucose curve and corresponding AUC recorded at week 3 (A and B) and week 7 (C 
and D) of the study. Values are mean ± SEM, n=10 for both groups, *significantly 
different from pre-surgery group by Mann-Whitney test. p=0.05 for Figure D.  
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Figure 18: Glucose curve and corresponding AUC in female GF mice received 
fecal microbiota from VSL donors.

Glucose curve and corresponding AUC recorded at week 3 (A and B) and week 7 (C and D) of 
the study. Values are mean ± SEM, n=10 for both groups, *significantly different from pre-surgery 
group by Mann-Whitney test. p=0.05 for Figure D.
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Figure 20: Mice AUC blood glucose at week 7 plotted by donor.  

Mice AUC blood glucose at week 7 plotted by donor to examine donor effect. Data was 
categorized by individual donor underwent BPD/DS (A) and VSL (B) respectively. Values 
are mean ± SEM, n=2 for BP-C Pre-surgery, n=3 for BP-C Post-surgery, VS-A and 3 
Pre- and Post-surgery, n=4 for BP-A Pre-surgery, BP-B Post-surgery, VS-B Pre- and 
Post surgery, n=5 for the remaining groups.  
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Figure 19: Mice AUC blood glucose at week 7 plotted by donor.

Mice AUC blood glucose at week 7 plotted by donor to examine donor effect. Data was categorized 
by individual donor underwent BPD/DS (A) and VSL (B) respectively. Values are mean ± SEM, n=2 
for BP-C Pre-surgery,  n=3 for BP-C Post-surgery, VS-A and 3 Pre- and Post-surgery, n=4 for BP-A 
Pre-surgery, BP-B Post-surgery, VS-B Pre- and Post surgery, n=5 for the remaining groups. 
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Figure 21: Insulin secretion of female SPF mice received fecal microbiota from 
BPD/DS donors.  

Insulin secretion (A), changes in insulin secretion with comparison to base level at t=0 
min (B) and incremental insulin AUC (C) obtained from Multiplex Immunoassay. Values 
are mean ± SEM, n=12 for all groups, $significantly different between autologous and 
Pre-surgery group.  
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Figure 20: Insulin secretion of female SPF mice received fecal microbiota from
BPD/DS donors. 

Insulin secretion (A), changes in insulin secretion with comparison to base level at t=0 min (B) 
and incremental insulin AUC (C) obtained from Multiplex Immunoassay. Values are mean ± SEM,
n=12 for all groups, $significantly different between autologous and Pre-surgery group.  
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Figure 22: C-peptide secretion, ratio of insulin to c-peptide and HOMA-IR index 
of female SPF mice received fecal microbiota from BPD/DS donors.  

C-peptide secretion (A), ratio of insulin to c-peptide (B) and HOMA-IR index (C) obtained 
from Multiplex Immunoassay. Values are mean ± SEM, n=12 for all groups.  

90

A

B

C

Figure 21: C-peptide secretion, ratio of insulin to c-peptide and HOMA-IR
index of female SPF mice received fecal microbiota from BPD/DS donors. 

C-peptide secretion (A), ratio of insulin to c-peptide (B) and HOMA-IR index (C) obtained 
from Multiplex Immunoassay. Values are mean ± SEM, n=12 for all groups.
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Figure 23: Insulin secretion of female GF mice received fecal microbiota from 
BPD/DS donors.  

Insulin secretion (A), changes in insulin secretion with comparison to base level at t=0 
min (B) and incremental insulin AUC (C) obtained from Multiplex Immunoassay. Values 
are mean ± SEM, n=11 for Pre-surgery group and n=12 for Post-surgery group. 
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Figure 22: Insulin secretion of female GF mice received fecal microbiota from
BPD/DS donors. 

Insulin secretion (A), changes in insulin secretion with comparison to base level at t=0 min (B) 
and incremental insulin AUC (C) obtained from Multiplex Immunoassay. Values are mean ± SEM,
n=11 for Pre-surgery group and n=12 for Post-surgery group.
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Figure 24: C-peptide secretion, ratio of insulin to c-peptide and HOMA-IR index 
of female GF mice received fecal microbiota from BPD/DS donors.  

C-peptide secretion (A), ratio of insulin to c-peptide (B) and HOMA-IR index (C) obtained 
from Multiplex Immunoassay. Values are mean ± SEM, n=11 for Pre-surgery group and 
n=12 for Post-surgery group.  
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Figure 23: C-peptide secretion, ratio of insulin to c-peptide and HOMA-IR
index of female GF mice received fecal microbiota from BPD/DS donors. 

C-peptide secretion (A), ratio of insulin to c-peptide (B) and HOMA-IR index (C) obtained 
from Multiplex Immunoassay. Values are mean ± SEM, n=11 for Pre-surgery group and n=12
for Post-surgery group.
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Figure 25: Glucose transporter mRNA expression in female GF mice received 
fecal microbiota from different bariatric surgery patients.  

Glucose transporter mRNA expression in the duodenum/jejunum (A/D), ileum (B/E) and 
colon (C/F) of female GF mice received fecal microbiota from BPD/DS (A-C) and VSL 
(D-F) donors respectively. The Pre-surgery group in each graph is used as a reference 
and have an average value of 1.0. Values are mean ± SEM, n=9 and n=10 for VSL Pre 
and Post-surgery group, n=11 and n=12 for BPD/DS Pre and Post-surgery group.  
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Figure 24: Glucose transporter mRNA expression in female GF mice received fecal
microbiota from different bariatric surgery patients. 

Glucose transporter mRNA expression in the duodenum/jejunum (A/D), ileum (B/E) and colon (C/F) 
of female GF mice received fecal microbiota from BPD/DS (A-C) and VSL (D-F) donors respectively. 
The Pre-surgery group in each graph is used as a reference and have an average value of 1.0. Values 
are mean ± SEM, n=9 and n=10 for VSL Pre and Post-surgery group, n=11 and n=12 for BPD/DS Pre 
and Post-surgery group.    
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Figure 26: Glucose transporter mRNA expression in female SPF mice received 
fecal microbiota from different bariatric surgery patients.  

Glucose transporter mRNA expression in the duodenum/jejunum (A/C) and ileum (B/D) 
of female SPF mice received fecal microbiota from BPD/DS (A and B) and VSL (C and 
D) donors respectively. The Pre-surgery group in each graph is used as a reference and 
have an average value of 1.0. Values are mean ± SEM, n=12 for all groups.  
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Figure 25: Glucose transporter mRNA expression in female SPF mice received
fecal microbiota from different bariatric surgery patients. 

Glucose transporter mRNA expression in the duodenum/jejunum (A/C) and ileum (B/D) of female 
SPF mice received fecal microbiota from BPD/DS (A and B) and VSL (C and D) donors respectively. 
The Pre-surgery group in each graph is used as a reference and have an average value of 1.0. Values 
are mean ± SEM, n=12 for all groups.
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Figure 27: Glucose transporter mRNA expression in female GF mice received 
fecal microbiota from different bariatric surgery patients.  

Glucose transporter mRNA expression in the liver (A/D), gWAT (B/E) and TA muscle (C/
F) of female GF mice received fecal microbiota from BPD/DS (A-C) and VSL (D-F) 
donors respectively. The Pre-surgery group in each graph is used as a reference and 
have an average value of 1.0. Values are mean ± SEM, n=11 for BPD/DS Pre and Post-
surgery group, n=10 for VSL Pre and Post-surgery group. *significantly different from the 
Pre-surgery group by Mann-Whitney test.  
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Figure 26: Glucose transporter mRNA expression in female GF mice received fecal
microbiota from different bariatric surgery patients. 

Glucose transporter mRNA expression in the liver (A/D), gWAT (B/E) and TA muscle (C/F) of female GF 
mice received fecal microbiota from BPD/DS (A-C) and VSL (D-F) donors respectively. The Pre-surgery 
group in each graph is used as a reference and have an average value of 1.0. Values are mean ± SEM, 
n=11 for BPD/DS Pre and Post-surgery group, n=10 for VSL Pre and Post-surgery group. *significantly
different from the Pre-surgery group by Mann-Whitney test.    
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Figure 28: Representative blots. 

Example Western blots for α-actinin (A) and GLUT1 (B). Numbers listed to the left of 
each image indicates the estimated molecular weights as determined by Bio-rad dual 
precision ladder (lane 1). For both figures, lane 4-8: samples obtained from GF mice with 
FMT from pre-surgery VSL patients; lane 10-14: samples obtained from GF mice with 
FMT from post- surgery VSL patients; lane 2: positive-control with C2C12 cells; lane 3 
and 9: blank.  
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FIgure 27: Representative blots.
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Figure 29: GLUT1/ α-actinin expression in the ileum of female GF mice received 
fecal microbiota from different bariatric surgery patients.  

GLUT1 expression normalized with α-actinin in mice received fecal microbiota from 
BPD/DS (A) and VSL donors (B). Values are mean ± SEM, n=10 for VSL Pre and Post-
surgery and BPD/DS Pre-surgery group, n=11 for BPD/DS Post-surgery group.  
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Figure 30: Representative duodenum/jejunum histology images.  

Uncropped 10X H&E stained duodenum/jejunum slides from GF mice with BPD/DS 
donor’s Pre- and Post-surgery fecal microbiota (A and B). Samples were prepared with 
Carnoy’s solution. One slide was obtained from each sample. Three 10X images and six 
20X images were taken from each slide using NIKON Eclipse Ni & Nikon DS-QI2 
microscope. The result was analyzed using Image J. Cropped 10X duodenum/jejunum 
histology images from GF mice with BPD/DS donor’s Pre- and Post-surgery fecal 
microbiota with morphometric characteristics labeling (C and D). a: Villus height; b: crypt 
depth; c: muscular layer thickness; d: goblet cells (clear space).  
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Figure 29: Representative duodenum/jejunum histology images.

Uncropped 10X H&E stained duodenum/jejunum slides from GF mice with BPD/DS donor’s Pre- 
and Post-surgery fecal microbiota (A and B). Samples were prepared with Carnoy’s solution. One 
slide was obtained from each sample. Three 10X images and six 20X images were taken from each 
slide using NIKON Eclipse Ni & Nikon DS-QI2 microscope. The result was analyzed using Image J. 
Cropped 10X duodenum/jejunum histology images from GF mice with BPD/DS donor’s Pre- and 
Post-surgery fecal microbiota with morphometric characteristics labeling (C and D). a: Villus height; 
b: crypt depth; c: muscular layer thickness; d: goblet cells (clear space).  
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Figure 31: Morphometric characteristics from the duodenum/jejunum segment of 
mice.  

Villus height (A), villus width (C), muscle layer thickness (D) and crypt depth (E) 
measured from the duodenum/jejunum of GF mice with BPD/DS donor’s Pre and Post-
surgery fecal microbiota. The number of crypts that contain goblet cells on each image 
was recorded and used to normalize goblet cell count to per 10 crypts (B). Values are 
mean± SEM, n>120 for both groups in Figure A, n>24 for both groups in Figure B, 
n>160 for both groups in Figure C, n=37 for both groups in Figure D and n>275 for both 
groups in Figure E. *significantly different from the Pre-surgery group by Mann-Whitney 
test.  
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Figure 30: Morphometric characteristics from the duodenum/jejunum segment of 
mice. 

Villus height (A), villus width (C), muscle layer thickness (D) and crypt depth (E) measured from
the duodenum/jejunum of GF mice with BPD/DS donor’s Pre and Post-surgery fecal microbiota. 
The number of crypts that contain goblet cells on each image was recorded and used to normalize 
goblet cell count to per 10 crypts (B). Values are mean± SEM, n>120 for both groups in Figure A, 
n>24 for both groups in Figure B, n>160 for both groups in Figure C, n=37 for both groups in 
Figure D and n>275 for both groups in Figure E. *significantly different from the Pre-surgery group 
by Mann-Whitney test. 
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Figure 32: Representative ileum histology images.  

Uncropped 10X H&E stained ileum slides from GF mice with BPD/DS donor’s Pre- and 
Post- surgery fecal microbiota (A and B). Samples were prepared with Carnoy’s 
solution. One slide was obtained from each sample. Three 10X images and six 20X 
images were taken from each slide using NIKON Eclipse Ni & Nikon DS-QI2 
microscope. The result was analyzed using Image J. Cropped ileum histology images 
from GF mice with BPD/DS donor’s Pre- and Post-surgery fecal microbiota with 
morphometric characteristics labeling (C and D). a: Villus height; b: crypt depth; 
c: muscular layer thickness; d: goblet cells (clear space). 
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Figure 31: Representative duodenum/jejunum histology images.

Uncropped 10X H&E stained ileum slides from GF mice with BPD/DS donor’s Pre- and Post-
surgery fecal microbiota (A and B). Samples were prepared with Carnoy’s solution. One slide was 
obtained from each sample. Three 10X images and six 20X images were taken from each slide 
using NIKON Eclipse Ni & Nikon DS-QI2 microscope. The result was analyzed using Image J. 
Cropped ileum histology images from GF mice with BPD/DS donor’s Pre- and Post-surgery fecal 
microbiota with morphometric characteristics labeling (C and D). a: Villus height; b: crypt depth; 
c: muscular layer thickness; d: goblet cells (clear space).  
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Figure 33: Morphometric characteristics from the ileum segment of mice.  

Villus height (A), villus width (C), muscle layer thickness (D) and crypt depth (E) 
measured from the duodenum/jejunum of GF mice with BPD/DS donor’s Pre and Post-
surgery fecal microbiota. The number of crypts that contain goblet cells on each image 
was recorded and used to normalize goblet cell count to per 10 crypts (B). Values are 
mean± SEM, n>115 for both groups in Figure A, n>24 for both groups in Figure B, 
n>120 for both groups in Figure C, n>30 for both groups in Figure D and n>210 for both 
groups in Figure E. *significantly different from the Pre-surgery group by Mann-Whitney 
test. 
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Figure 32: Morphometric characteristics from the ileum segment of mice. 

Villus height (A), villus width (C), muscle layer thickness (D) and crypt depth (E) measured from
the duodenum/jejunum of GF mice with BPD/DS donor’s Pre and Post-surgery fecal microbiota. 
The number of crypts that contain goblet cells on each image was recorded and used to normalize 
goblet cell count to per 10 crypts (B). Values are mean± SEM, n>115 for both groups in Figure A, 
n>24 for both groups in Figure B, n>120 for both groups in Figure C, n>30 for both groups in 
Figure D and n>210 for both groups in Figure E. *significantly different from the Pre-surgery group 
by Mann-Whitney test. 
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Figure 34: Rate of 3-OMG absorption in female GF mice received fecal 
microbiota from BPD/DS patients.  

Rate of 3-OMG absorption measured at week 7 of the study. Values are mean ± SEM, 
n=10 for Pre-surgery group and n=11 for Post-surgery group.  
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