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ABSTRACT 

 Type-2 diabetes mellitus (T2D) is a chronic disease characterized by 

increased blood glucose (hyperglycemia) and insulin resistance in peripheral 

metabolic organs, which hampers glucose clearance and leads to pancreatic 

beta cell dysfunction and reduced insulin secretion. Research has revealed the 

gut microbiome as a superlative regulator of metabolic health and the therapeutic 

effects of microbiome modulators, such as probiotics, prebiotics, and synbiotics, 

are emerging. Therefore, innovative and effective probiotics and/or prebiotics are 

in high demand to ameliorate diabetes. This study investigated the protective 

effects of a novel synbiotic yogurt (containing five human-origin Lactobacillus 

probiotics and a prebiotic isolated from sago) on the progression of T2D in a 

high-fat diet/streptozotocin-induced diabetic mouse model and compared its 

effects to those of a commercially-available yogurt. Synbiotic yogurt-fed mice 

exhibited improved fasting blood glucose and meal tolerance via protection of 

beta cells and intestinal physiology and favorable modulation of the gut 

microbiome. Surprisingly, mice fed the commercial yogurt demonstrated gut 

microbiome dysbiosis and damage to beta cells, which aggravated T2D 

progression. This study suggests that our novel synbiotic yogurt protects against 

diabetes, but raises concerns regarding the use of commercial yogurts in the 

progression of diabetes. Further studies are necessary to address these 

concerns. 
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1. INTRODUCTION 

1.1. Type-2 diabetes mellitus epidemic 

The global prevalence of type-2 diabetes mellitus (T2D) is rapidly increasing, 

and there are currently no known preventive strategies to stop this growth. T2D is 

associated with a higher risk of morbidity (such as heart disease and/or renal 

failure) and mortality.1 Approximately five million deaths in 2015 were attributed 

to diabetes, which was a significant increase compared to the 3.96 million deaths 

occurring in 2010 among adults between 20 and 79 years old.1,2 By 2035, T2D is 

projected to affect approximately 592 million people worldwide, with over 642 

million individuals (over 10% of the global population) being diagnosed by 

2040.2,3 Furthermore, T2D treatments place strain on medical costs. In 2015, 

approximately 673 billion United States dollars (12% of annual medical 

expenses) were spent towards diabetes treatment.2,4 As T2D continues to affect 

more people globally, these expenses are projected to increase.5,6 Moreover, 

since many treatments and therapies for T2D are ineffective for some individuals 

or impart side effects, the medical economy is hampered by the development 

and implementation of multiple treatments.7,8 Therefore, it is critical to overcome 

these global health and economic burdens and establish anti-diabetic 

interventions that are safe, widely available, and cost effective.  

T2D is a chronic, multifaceted metabolic disease predominantly characterized 

by elevated blood glucose levels (hyperglycemia) and chronic insulin resistance, 

which result in reduced glucose uptake in peripheral metabolic organs, increased 

beta (β) cell dysfunction in the pancreas, and decreased insulin secretion.3,5 T2D 
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is associated with micro- and macrovascular complications, such as diabetic 

retinopathy, kidney disease, heart disease, and neuropathy; these conditions 

may lead to organ system failure, especially if not managed, and largely 

contribute to reduced life expectancy and mortality.4,9,10  

 

1.2. The pathophysiology of type-2 diabetes mellitus 

 Greater than 90% of cases of diabetes are diagnosed as T2D and its 

pathology is driven by genetics, the environment, and lifestyle factors and 

behaviors.4,8,11-14 Genetic predisposition and family history may also strongly 

contribute to T2D. Obesity, which is associated with a sedentary lifestyle and 

consumption of high-fat diet (HFD) and/or high-sugar diet, and aging are two 

major risk factors that contribute to β cell dysfunction and insulin resistance, 

which are two characteristics inherent to T2D pathology.4,14,15  

The pancreas is an abdominal metabolic organ and its exocrine and 

endocrine compartments have roles in T2D pathology. Most of the pancreas is 

involved in exocrine functions, such as enzyme secretion and macronutrient 

digestion, and these compartments comprise 98-99% of its physiological 

mass.16,17 Endocrine functions are compartmentalized in the islets of Langerhans 

and are facilitated by five different cell types, including β and alpha (α) cells, 

which secrete insulin and glucagon, respectively; insulin and glucagon are two 

chief hormones responsible for maintaining glucose homeostasis.18-20 Also, α and 

β cells are found adjacent to one another within the islets of Langerhans.21 

Decreases in pancreatic volume (specifically endocrine compartments), irregular 
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or involuted islet/β cell morphology, and rapid declines in β cell aggregate mass 

are also associated with insulin resistance, impaired insulin release, and T2D 

progression.20,22-26  

Total insulin secretion is dependent on the β cell mass and the ability of each 

β cell to secrete insulin.27 Insulin stimulates the uptake of circulating glucose via 

translocation of vesicular Glucose Transporter 4 (GLUT4) by insulin receptor and 

Akt signaling pathways.28 Glucose uptake is activated through GLUT4, in part, by 

insulin signaling in insulin-sensitive metabolic organs, such as adipose tissues, 

skeletal muscle, the liver, and the intestine.29 Glucose uptake in β cells 

stimulates insulin secretion via gut hormone signals or direct glucose sensing.29 

Glucose Transporter 2, the chief glucose transporter expressed in pancreatic 

cells, stimulates insulin secretion via the translocation of glucose into the plasma 

membrane of β cells.4,8,20,29 In T2D, insulin resistance leads to desensitization of 

insulin signaling pathways and impaired mechanisms of glucose sensing and 

insulin secretion in β cells, which reduce glucose clearance and elevate blood 

glucose levels.4,30,31 

 

1.3. The gut microbiome as a superlative modulator of type-2 diabetes 

mellitus 

The gut microbiome refers to the full collection of microbial genes in the gut 

and is comprised of over 1014 cells, including bacteria, fungi, viruses, archaea, 

and eukaryotes.32-34 Physiologically, the gut microbiome is critical because it 
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prevents pathogen colonization, aids in nutrient absorption, promotes 

carbohydrate fermentation, and has a mutually beneficial (symbiotic) relationship 

with the host to regulate glucose homeostasis.35 The dynamic nature of the gut 

microbiome, including shifts in the microbial composition and production of 

bacterial metabolites, contributes to host health and disease onset. Diet, the 

environment, lifestyle, antibiotics/medicines, and host genetics influence the 

dynamics of the gut microbiome and alter its composition and function.36-38 

Microbes living in the gut can be classified as aerobes, facultative anaerobes, or 

obligate anaerobes based on their ability to survive in the presence of oxygen; 

aerobes and facultative anaerobes can grow in oxygen-rich conditions, while 

obligate anaerobes cannot survive in oxygen.35 Furthermore, gut bacteria are 

classified according to the deposition of peptidoglycan in the cell wall. Gram-

negative bacteria have a thin peptidoglycan layer, while Gram-positive bacteria 

exhibit a thick peptidoglycan layer.39 The human gut is mostly comprised of 

Gram-negative anaerobes (over 90% of the bacterial population).32 Moreover, the 

two most abundant bacterial phyla include Firmicutes (mostly Gram-positive 

species) and Bacteroidetes (mostly Gram-negative species), which are followed 

by bacteria from phyla Actinobacteria, Proteobacteria, and Verrucomicrobia.32,40 

Obesity and T2D are associated with increased Firmicutes and decreased 

Bacteroidetes (a condition called gut dysbiosis).40-44 Additionally, increased 

abundances of opportunistic pathogens (such as some species of genus 

Streptococcus [S.] and family Enterobacteriaceae),45-47 and decreased 

abundances of beneficial bacteria, such as Bifidobacterium (B.) spp., which 
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primarily produce beneficial short-chain fatty acids (SCFAs), such as lactate and 

acetate,46,47 have been observed in T2D. Prolonged exposure to HFD also 

induces abnormal changes in the microbiome (gut dysbiosis), which are 

associated with low-grade inflammation, increased circulation of pro-

inflammatory cytokines, such as interleukin (IL)-1β, IL-8, and tumor necrosis 

factor-α, and the onset of metabolic disease.48-50 

The intestinal epithelium is a dynamic physical barrier and network that aids 

in homeostasis and mucosal immunity and facilitates communication between 

the gut microbiota and immune cells in the small and large intestine (colon).51 

Low-grade, chronic inflammation is a major risk factor for insulin resistance and β 

cell dysfunction.52 Increased circulation of pro-inflammatory cytokines associated 

with gut dysbiosis leads to compromised integrity of the intestinal epithelium (a 

condition called “leaky gut”), or vice versa, which increases intestinal permeability 

and allows the translocation of infectious agents/toxins (such as 

lipopolysaccharide [LPS], an endotoxin predominantly found in the Gram-

negative cell wall), antigens, and whole bacterial cells between the epithelium 

and lumen.6,52-55 Prolonged exposure to HFD/high-sugar diets or high-energy 

diets is also associated with insulin resistance,56 development of 

hyperinsulinemia and hyperglycemia, and increased intestinal permeability in 

non-genetic mouse models.57,58 Pancreatic β cells express toll-like receptors 2 

and 4, which have specificity for LPS; therefore, a dysbiotic gut microbiome may 

affect β cell function (due to an increase in LPS), which progresses to insulin 

impairment/dysfunction and T2D.59-61 Over time, these alterations in normal 
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intestinal barrier function, which are driven largely by the microbiome, contribute 

to the pathogenesis of T2D. Therefore, reinforcement of the intestinal epithelium 

may be a promising ailment for slowing or reversing T2D progression.  

Furthermore, the gut microbiome contributes to host health, metabolism, and 

inflammatory state through the fermentation of non-digestible fibers into SCFAs, 

such as acetate, propionate, and butyrate, which contain six carbons or less and 

constitute approximately 8-10% of the energy used by the gut.62 Bifidobacterium 

species are well-known producers of acetate and lactate in the gut, while mainly 

anaerobic Bacteroidetes and Clostridia species are known for producing 

butyrate.63,64 Research has revealed that SCFAs (such as butyrate) improve 

insulin sensitivity and energy expenditure.65 On the other hand, decreases in 

intestinal SCFA levels and SCFA-producing bacteria are associated with T2D 

and HFD intake.47,66,67 As a superlative modulator of metabolic disease, the gut 

microbiome also interacts with drugs and therapies that are prescribed for T2D.68 

Metformin is a first-line treatment for T2D that beneficially shifts the microbiome 

by increasing colonization of mucin-degrading bacteria (i.e. Akkermansia 

mucinphila), restoring microbiome diversity, and producing beneficial metabolic 

metabolites (such as SCFAs).69,70 The impact of microbiome modulators, such as 

probiotics, prebiotics, and synbiotics, on the gut microbiome and the therapeutic 

effects of these agents on T2D are emerging. 
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1.4. Microbiome modulators: probiotics, prebiotics, and synbiotics 

1.4.1. Probiotics 

Probiotics are defined as live microorganisms that, when administered in 

adequate amounts, confer health benefits on the host.71,72 Probiotic species of 

genera Lactobacillus (L.), Bifidobacterium, and Enterococcus may be therapeutic 

agents for T2D due to the beneficial effects they impart on the gut microbiome 

and metabolite production.6,73-75 Multi-strain probiotics, such as VSL#3® (now 

named VisBiome®), which contains a combination of eight lactobacilli and bacilli 

strains, and fermented products (i.e. yogurt)76,77 have been shown to delay the 

progression of T2D in non-genetic rodent models, via the secretion of SCFAs 

(namely butyrate) and the incretin hormone glucagon-like peptide-1 (GLP-1; 

suppresses food intake),74 and inhibition of insulin depletion.77 Furthermore, 

improved lipid markers, such as total cholesterol, low-density lipoprotein-

cholesterol, postprandial glucose, hemoglobin A1c (HbA1c; plays a prominent 

role in the development of micro- and macrovascular complications), and fasting 

insulin,78 and delayed onset of glucose intolerance, hyperglycemia, dyslipidemia, 

and hyperinsulinemia76 have been associated with ingestion of multi-strain 

probiotics. L. acidophilus DDS-1 induced beneficial microbiome shifts in the 

aging gut by increasing relative abundances of Lactobacillus spp. and 

Akkermansia mucinphila (important for mucin degradation), while decreasing 

Proteobacteria, a phylum largely comprised of Gram-negative bacteria and 

opportunistic pathogens (i.e. species of genera Escherichia (E.), Salmonella, and 

Helicobacter).79  
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Furthermore, our lab recently found that administration of a human-origin 

probiotic cocktail, containing five strains each of Lactobacillus and Enterococcus 

bacteria isolated from the infant gut, increased the production of SCFAs via 

microbiome modulation in mice and humans.71 The effects were most prominent 

in (i) a five-dose in vivo study, compared to a single-dose study, and (ii) multi-

species administration (combination of Lactobacillus and Enterococcus), 

compared to single-species administration.71 However, such effects are highly 

dependent on bacterial species/strains.80,81 Therefore, more comprehensive 

studies are needed to develop effective probiotic treatments and fully elucidate 

their mechanisms of action. 

 

1.4.2. Prebiotics 

 Prebiotics are non-digestible, water-soluble, and fermentable fibers that 

promote the colonization of beneficial bacteria (i.e. species of genera 

Bifidobacterium and Lactobacillus) in the gut via their fermentation by the gut 

microbiota.82 Common prebiotics include fructo-oligosaccharides (FOS), galacto-

oligosaccharides, and large polysaccharides, such as resistant starches, inulin, 

pectin, and gums.83,84 Recent studies have demonstrated that consumption of 

prebiotics can ameliorate obesity/pre-diabetes and T2D by beneficially 

modulating the gut microbiome, reducing blood glucose, and improving lipid 

profiles, inflammatory state, and insulin sensitivity.85-93 Our lab recently found that 

prebiotics isolated from acorn seeds and sago prevented HFD-induced insulin 

resistance via mechanisms of the microbiome-gut-brain axis in mice.85 A 
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potential mechanism of prebiotics involves the microbial fermentation of these 

fibers into SCFAs by the gut microbiota. SCFAs can modulate host metabolism 

by serving as ligands for G-protein coupled receptors (GPCRs; i.e. free-fatty 

acids receptors 2/3 [FFAR2/3]) in the intestine or inhibiting chromatin 

modifications by histone deacetylases; therefore, they regulate gene expression 

and increase the production of beneficial gut hormones, such as GLP-1.62,94 

However, according to a recent meta-analysis of randomized controlled trials, 

there are controversial results regarding the efficacy of prebiotics and some 

interventions have not demonstrated significant improvements on T2D 

progression.95 Therefore, it is necessary to develop more effective and novel 

prebiotics that can be used to ameliorate T2D.  

 

 1.4.3. Synbiotics 

 Synbiotics are comprised of pro- and prebiotic components and can 

potentially impact metabolism and health through synergistic effects.96 They are 

thought to exert more significant benefits on the host than either probiotics or 

prebiotics individually. Although current data are highly preliminary, synbiotics 

have increased relative abundances of lactic acid-producing bacteria and 

Lachnospiraceae spp. (SCFA-producers) in the feces, which was associated with 

decreases in enterobacteria and sulfur-producing Clostridium spp.97,98 Novel 

synbiotics have also improved glycemia (fasting blood glucose [FBG] and insulin 

levels), reduced serum markers, such as triglycerides and high sensitivity C-

reactive protein, restored HbA1c levels, and lowered body mass index.99-102 In 



 

10 
 

non-genetic rodent models of T2D, synbiotics have improved glycemia, hormone 

production, lipid profiles, and SCFA production, while restoring normal pancreatic 

morphology/physiology and antioxidant capacity.5,103 Gut microbiome dysbiosis 

and oxidative stress were also attenuated, which improved T2D.103,104 These 

preliminary studies have suggested that the development of synbiotics can be 

highly beneficial for slowing or reversing the progression of T2D and attenuating 

the epidemic. However, because this field of research is continuing to emerge 

and most of the data on synbiotics remain preliminary and pre-clinical, there is 

still a gap in the literature regarding the long-term protective effects of synbiotic 

interventions on T2D progression. 

 

1.5. Study aims 

 Previous research illustrates the need for therapeutic microbiome 

modulators, such as probiotics and synbiotics, for the treatment of T2D and 

metabolic syndrome. As the cases of T2D continue to rise globally, it is important 

to devise effective strategies that can be used to combat this metabolic disease. 

Many studies presented herein are highly preliminary, and further research is 

necessary to confirm these findings and translate such interventions to clinical 

trials and practices. Therefore, based on previous research conducted in our 

lab,71,85 we have developed a novel synbiotic yogurt containing five human-origin 

probiotic strains and a prebiotic (resistant starch). We aimed to assess the 

effects of this yogurt on glycemic markers, the fecal microbiome, intestinal and 

pancreatic morphology, and intestinal gene expression in a non-genetic mouse 
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model of T2D. Additionally, we compared the protective effects of our synbiotic 

yogurt to the effects of a control (milk with 2% fat) and a commercially-available 

yogurt and the findings are presented within this thesis.   
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2. METHODS 

2.1. Development of a novel synbiotic yogurt 

We developed a novel synbiotic yogurt based on results from our previous 

studies, where we demonstrated the beneficial effects of human-origin probiotic 

strains and isolated prebiotics on T2D pathology in mice.71,85 The yogurt is 

fermented with five Lactobacillus probiotics isolated from the infant gut, prebiotics 

from sago (palm starch), and pectin, a structural polysaccharide. The five 

Lactobacillus strains were selected using a rigorous screening process, in which 

we selected colonies that were (i) Gram-positive and catalase-negative, (ii) 

antibiotic sensitive, (iii) negative to virulent pathogenic gene islands in their 

respective genomes, (iv) able to survive the barrier conditions of the 

gastrointestinal tract in vitro, and (v) able to increase SCFA production via 

modulation of the mouse and human gut microbiomes.71 Sago prebiotics were 

also selected based on purity, yield, and beneficial biological functions, such as 

favorable shifts in the gut microbiome, increases in SCFA production, reductions 

in intestinal inflammatory markers, and improvements on insulin sensitivity in 

models of T2D.85 Pectin was added to improve the texture and consistency of the 

yogurt.105  

During initial yogurt production, the quality of the yogurt was assessed by 

using different concentrations of probiotic cultures, sago prebiotics, and pectin, 

as well as different fermentation times and temperatures (30ºC, 37ºC, and 45ºC). 

In particular, the rate of syneresis, the drop in pH, the 24-hour growth and pH 

curves of the individual bacterial strains, the ability of the individual strains to 
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coagulate and form curd in milk, and the sensory evaluations of the yogurt were 

assessed. The synbiotic yogurt was prepared with a low-fat milk (2% fat) with the 

consideration that yogurt made with high-fat or whole milk may not be suitable for 

obese and diabetic people, due to hyperlipidemic and hypercholesterolemic 

conditions that are already present in these individuals. Furthermore, we decided 

to use only Lactobacillus probiotics because of their ability to ferment well in milk 

and substantially improve the quality of the yogurt, compared to the 

Enterococcus strains, which did not grow and ferment in the milk adequately to 

form curd/yogurt and altered the overall texture of the yogurt.  

 

2.1.1. Culturing probiotic bacteria 

Five human-origin strains of Lactobacillus probiotics (L. plantarum [D13-4], 

L. rhamnosus [D7-5], L. paracasei [D3-5], L. plantarum [D6-2], and L. rhamnosus 

[D4-4]) were isolated on De Man, Rogosa, Sharpe (MRS) agar, as previously 

described.71 Bacterial strains were kept in glycerol solution at -80°C for long-term 

preservation. Strains were revived by inoculating 100 µl of the preserved glycerol 

stock into 10 ml of fresh MRS media, allowing overnight growth at 37ºC, and then 

inoculating 1 ml of the new suspension into 45 ml of MRS media. After 24 hours 

of growth at 37ºC, stocks were kept at 4ºC for up to two months. The individual 

growth curves and coagulation properties of each strain in 2% low-fat milk were 

assessed. 
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2.1.2. Isolation and small-scale production of sago prebiotics 

Sago fibers were prepared using a previously established protocol in our 

lab,85 which was adapted using modified methods for preparing resistant 

starches.106,107 In brief, prebiotics were isolated by suspending sago seeds 

(Jalipur Millers, UK) in deionized water (dH2O) at a dilution of 1:20 (w/v) and 

boiling the suspension on a hotplate with a magnetic stirrer for ten minutes. The 

mixture was autoclaved at 121°C (1.2 atm pressure) for one hour and then kept 

at 4°C overnight to allow retrogradation. The retrograded starch was hydrolyzed 

by adding 2 U/ml of α-amylase (Sigma-Aldrich, USA) and 1 ml/L of Pullulanase 

microbial (Sigma-Aldrich, USA). The suspension was incubated for 24 hours in a 

shaker incubator maintained at 70°C and 150 rpm. The suspension was then 

centrifuged at room temperature (25ºC) for ten minutes at 10,000 rpm. Pellets 

were re-suspended in 1 L of dH2O and the enzymatic hydrolysis and 

centrifugation processes were repeated, as described above. After the second 

centrifugation, obtained pellets were freeze-dried (LABCONE, Freezone 4.5, 

USA) after overnight storage in the -80°C freezer. 

 

2.1.3. Sensory evaluations for optimizing the yogurt quality 

After initial yogurt production, its quality was optimized by performing 

sensory evaluations, using a scoring method, with the five Lactobacillus strains 

and sago prebiotics and different concentrations of pectin. These sensory 

evaluations included smell, appearance/color, and overall texture of the yogurt. A 
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nine-point hedonic scale was used to complete all evaluations; a score of 1 

indicated the least favorable yogurt, while a score of 9 indicated the most 

favorable yogurt.  

 

2.1.4. Preparation of synbiotic yogurt 

To prepare the synbiotic yogurt, 200 µl of each bacterial stock was 

inoculated into individual tubes containing 10 ml of MRS media and grown for 18-

24 hours at 37ºC. After growth, the OD of each strain was measured at a 

wavelength of 600 nm in order to determine the volume of bacterial suspension 

to be inoculated into the milk so that 1 ml of milk contained 108 colony-forming 

units of each strain. Bacterial pellets were washed and centrifuged three times 

with 45 ml of 0.9% sodium chloride before being re-suspended into 100 ml of 

boiled low-fat milk (2% fat; Great Value), which was integrated with 5% and 

0.175% (w/v) of freeze-dried sago prebiotics and pectin, respectively. After 

thorough mixing of the suspension, the milk was pipetted into 10 ml aliquots and 

fermented for 14-16 hours at 37ºC, or until the pH dropped between 3.7 and 4.5, 

using a standard pH meter (Hanna Laboratories). 

 

2.2. Biochemical evaluations of synbiotic yogurt 

Biochemical assays were conducted to determine the crude components 

of the synbiotic yogurt. Homogenized yogurt samples were used for these 

analyses. Yogurt was homogenized by thorough vortexing and mixing at 37ºC, if 
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necessary, to remove any lumps. Homogenized samples were kept at 4ºC until 

use. The crude components of 2% milk and a commercially-available probiotic 

yogurt (fermented with 2% milk fat and no added flavors) were also evaluated for 

comparison. All biochemical assays were run in triplicate and values were 

averaged.  

 

2.2.1. Total solid and moisture contents 

Total solids were determined using the drying method, based on the 

Official Methods of Analysis of the Association of Official Analytical Chemists 

(AOAC).108 A 3 g sample was weighed into a glass dish that was pre-dried (in an 

air oven) and weighed. The combined mass of the dish and sample was 

recorded. The sample was heated for three hours in an air oven at 100°C, briefly 

cooled, and weighed at constant mass. The mass of the remaining residue was 

calculated by subtracting the final weight of the dish and sample from the starting 

weight and was reported as a percentage. Moisture content was determined by 

using the results of the drying method. The percentage of total solids in the 

sample was subtracted from 100% to calculate the total moisture content and 

was reported as a percentage of the starting weight of the sample.  

 

2.2.2. Ash content 

Ash content, which indicates the amount of inorganic solid in a sample, 

was determined using the Official Methods of Analysis of the AOAC, with a few 
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modifications.108 A 10 g sample of milk or yogurt was added into a glass dish that 

was pre-dried and weighed. The mass of the sample plus weigh dish was also 

recorded. The sample was burned at 550ºC to constant mass. The mass of the 

remaining residue and glass dish were recorded and the ash content was 

reported as a percentage of the starting weight. 

 

2.2.3. Lactose content 

Lactose is the major disaccharide present in milk and its content was 

determined using the picric acid colorimetric assay, according to a previously 

published protocol,109 with some modifications. The lactose standard stock 

solution was prepared by diluting 5 g of lactose in 100 ml of freshly boiled and 

cooled dH2O and further diluting the solution to 1 L. Standards were made by 

adding 0 µl, 20 µl, 40 µl, 60 µl, 80 µl, and 100 µl of stock and saturated picric acid 

(~1.3%) to bring the volume to 200 µl in each tube. After mixing, 100 µl of sodium 

carbonate solution (25%, w/v) was added to the tubes and the tubes were heated 

in a boiling water bath for 20 minutes. Tubes were diluted to 2.5 ml with dH2O 

and the standard curve was generated by using 200 µl of each standard in a 

microplate and measuring the absorbance at 480 nm (after 30 seconds of linear 

shaking). Samples were prepared by pipetting 100 µl of sample into a tube and 

adding 2.4 ml of saturated picric acid. The flask was mixed, allowed to stand, and 

filtered. Then, 200 µl of filtrate was aliquoted for each sample and 100 µl of 

sodium carbonate (25%, w/v) was added. The tubes were heated in a boiling 

water bath for 20 minutes and cooled to room temperature. The samples were 
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diluted to the 2.5-ml mark with dH2O. The absorbances of 200-µl aliquots were 

measured at 480 nm (after linear shaking for 30 seconds) and the lactose 

contents of the samples were calculated using the lactose standard curve and 

linear regression. Lactose content was reported as the mg of lactose per gram of 

sample. 

 

2.2.4. Protein content 

The total protein content was determined using the Bradford assay 

(colorimetric assay),110 with some modifications. Coomassie Protein Assay 

Reagent (ThermoScientific) was used in place of the Bradford reagent. Bovine 

serum albumin (BSA) stock was made by diluting BSA in dH2O at a concentration 

of 1 mg/ml. The stock was diluted to make eight standards that had 

concentrations of 0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mg/ml BSA and a 

standard curve was generated. A 96-well microplate was used to perform the 

assay and 250 µl of the Coomassie Protein Assay Reagent was added to each 

well, followed by 10 µl of BSA standard or unknown sample. The plate was 

placed on a shaker for 30 seconds and read at an absorbance of 595 nm. Protein 

concentrations for the unknown samples were determined using the standard 

curve and linear regression and were reported as mg of protein per gram of 

sample. 
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2.3. Animal studies 

2.3.1. Animals 

Male C57BL/6J mice were housed in groups of 2-4 mice per cage and 

were kept on a consistent 12 h light/dark cycle. Diet and water were provided to 

the mice ad libitum. All animal studies were conducted in accordance with the 

procedures approved by the Animal Research Program’s Institutional Animal 

Care and Use Committee of the Wake Forest School of Medicine.  

 

2.3.2. Development of type-2 diabetes mellitus in mice 

In this study, the HFD-/streptozotocin (STZ)-induced mouse was used as 

a non-genetic model of T2D. T2D develops due to the combinatory effects of 

HFD, including increases in insulin resistance and adiposity, and a single, low-

dose intraperitoneal injection of STZ, which leads to hyperglycemia by inducing β 

cell dysfunction and partial cell death.111 STZ is specifically toxic to pancreatic β 

cells and leads to β-cell necrosis via its glucose transporter-mediated 

accumulation in the cells, DNA damage, and the production of reactive oxygen 

species and/or nitric oxide.112-114 Previous studies have used HFD-fed rodents to 

demonstrate that STZ is associated with hyperglycemia, hyperinsulinemia, 

increased circulation of free fatty acids and triglycerides, and reduced insulin-

stimulated glucose clearance,111,115 which are hallmarks of T2D. We induced T2D 

through a single injection of STZ (90 mg/kg body weight [BW]) after three weeks 

of HFD, according to a previous study.116 
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2.3.3. Animal randomization and interventions 

In total, 25 mice were allocated to this study and were randomized into 

three groups: (1) control group (n=6), (2) control yogurt group (n=8), and (3) 

synbiotic yogurt group (n=11). Animal randomization into these three groups is 

shown in Figure 1A. Mice in these groups were fed the following diets: 

1. Control group: These mice were fed HFD (60% fat, Research Diets 

Inc.) supplemented with 15% (w/v) boiled low-fat milk (2% fat; Great 

Value). 

2. Control yogurt group: These mice were fed the same HFD, which 

was supplemented with 15% (w/v) of a commercially-available yogurt 

(FAGE Total Greek Yogurt-FAGE USA Dairy Industry, Inc. Johnstown, 

NY), containing five live yogurt cultures (L. bulgaricus, S. thermophilus, 

L. acidophilus, Bifidus, and L. casei) and 2% milk fat, with no added 

sugars and flavors. A screening process was conducted to select this 

yogurt. The selected yogurt was the only one that met the criteria, 

which included: (i) availability at multiple grocery stores, (ii) preparation 

with 2% milk fat, and (iii) no addition of artificial sugars or flavorings, 

such as vanilla or strawberry. A fresh container of yogurt was 

purchased each week. 

3. Synbiotic yogurt group: These mice were fed the same HFD 

supplemented with 15% (w/v) of synbiotic yogurt, which was freshly 

prepared in the lab each week. 
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2.3.4. Animal study design timelines and measurements 

The present study was designed as a five-week (35-day) longitudinal 

study (Figure 1B). Baseline assays and measurements were conducted after the 

mice were randomized into groups, when they were between 10 and 12 weeks 

old. HFD was started after the completion of baseline assays and measurements 

and was continued for five weeks. Measurements were recorded daily, while 

fecal samples were collected at baseline before HFD and at the end of the five 

weeks. After three weeks of HFD, STZ (EMD Millipore) dissolved in citrate buffer 

was administered via a single intraperitoneal injection at a dose of 90 mg/kg BW, 

as previously described, following a six-hour fast.116 For two additional weeks, 

HFD was continued and daily measurements were recorded. At the end of five 

weeks, endpoint assays were conducted and mice were euthanized. Dissection 

was performed and harvested tissues were snap-frozen in liquid nitrogen and 

stored at -80ºC or fixed in 10% phosphate-buffered formalin followed by 70% 

ethanol, as appropriate, until use. Fresh fecal samples were preserved at -80ºC 

until use. 

 

2.3.5. Measurement of body weight and water and food intakes 

BW was measured once daily, to the nearest tenth of a gram, at the same 

time each day. Twenty-four-hour water and food intakes were measured to the 

nearest ml and nearest tenth of a gram, respectively. The intakes were measured 
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at the same time every day to ensure that the values were normalized. Diet was 

changed daily, while water was changed weekly. 

 

2.3.6. Measurement of fasting blood glucose 

FBG was recorded daily, starting on the day STZ was administered. All 

FBG measurements were taken after a six-hour fast via tail bleed and were 

measured in mg/dl, using the EvenCare ProView Blood Glucose Monitoring 

System. Mice were fasted for six hours to normalize the variations in blood 

glucose and because a six-hour fast in mice is equivalent to an overnight fast in 

humans.  

 

2.3.7. Meal tolerance tests 

Meal tolerance tests (MTT) were performed before and after the HFD 

intervention, following an eight-hour fast. All mice received two baseline MTTs 

(one with milk and one with milk or either yogurt, depending on the group 

allocation) in order to ensure there were no differences at baseline due to milk or 

yogurt alone. MTT was also performed once at the study endpoint. The meal 

contained Vanilla Ensure Original Nutrition Powder (Abbott Laboratories, 

Columbus OH, USA), which was prepared based on the manufacturer’s 

instructions, with minor modifications. In brief, 570 mg of Ensure powder and 30 

mg of dextrose were dissolved in 1.8 ml of dH2O and vortexed thoroughly. For 

baseline assays, 1.8 ml of dH2O was substituted for 0.9 ml of yogurt/milk 

(depending on the group) and 0.9 ml of dH2O. Blood glucose measurements 
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were recorded (in mg/dl) before oral gavage of 200 µl of the meal and 15, 30, 60, 

and 120 minutes after, via tail bleed, using the EvenCare ProView Blood Glucose 

Monitoring System.  

 

2.3.8. Insulin tolerance tests 

Insulin tolerance tests (ITT) were performed before and after the HFD 

intervention, following a six-hour fast. Human insulin (HumulinR®) was injected 

intraperitoneally at a dose of 0.5 IU/kg BW. Blood glucose measurements were 

recorded (in mg/dl) before the insulin injection and 15, 30, 60, and 120 minutes 

after, via tail bleed, using the EvenCare ProView Blood Glucose Monitoring 

System. Mice were closely monitored to ensure that they did not experience 

convulsions or a blood glucose reading < 40 mg/dl. 

 

2.3.9. Fecal microbiome analysis 

Fresh fecal samples were collected weekly in a sterile 1.5 ml Eppendorf 

tube and were immediately frozen at -80ºC until use. 16S rRNA gene 

amplification and sequencing were performed using previously established 

methods in our lab.71,85,117 In brief, approximately 100 g (wet weight) of feces was 

aliquoted and genomic DNA was extracted using the Qiagen QIAamp 

PowerFecal Pro DNA Kit (Qiagen, CA, USA), according to the manufacturer’s 

instructions, with some modifications. To ensure more efficient lysis and increase 

the yield of Gram-positive bacterial DNA, the lysis temperature was changed 
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from 95ºC to 75ºC, as recommended by the manufacturer. The 515F (barcoded) 

and 806R primers were used, in accordance with the Earth Microbiome Project 

protocol,118 to amplify the V4 region of the 16S bacterial rRNA gene, with minor 

modifications.117 AMPure® magnetic amplification beads (Agencourt) were used 

to purify the amplicons, which were quantified using the Qubit-3 fluorimeter 

(InVitrogen). Purified PCR products were pooled; this resulting pool was 

quantified, normalized (4 mm), denatured and diluted (8 pM), and sequenced 

using the Illumina MiSeq sequencer and the MiSeq reagent kit v3. The 

Quantitative Insights into Microbial Ecology software was used to de-multiplex, 

quality filter, cluster, and analyze the sequences. Linear discriminant analysis 

(LDA) and cladograms were constructed at the genus level using LDA effect size 

(LefSe)119 on the Galaxy platform (https://huttenhower.sph.harvard.edu/galaxy/). 

For the principal coordinate analysis (PCoA), each dot represents the pooled 

fecal samples from one mouse; permutational analysis of variance 

(PERMANOVA) was used to detect significance in β-diversity among the groups. 

Fecal microbiome analyses were conducted for the baseline and endpoint only. 

For the baseline, fecal specimens from the 25 mice were randomly pooled in 

groups of five, creating a total of five replicates for analysis. Twenty-five 

individual samples were run for the five-week endpoint. Comparisons were made 

with and without the baseline samples, due to a high dissimilarity index between 

the baseline and endpoint samples (as demonstrated by the PCoA). Relative 

abundances were compared at the phyla, family, and genus levels and the 
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presence of Gram-negative/Gram-positive and aerobic/anaerobic bacteria were 

compared.  

 

2.3.10. Determination of the origin of pathogens in the gut 

Further analysis was conducted to determine the source of the specific 

bacteria, particularly those of family Enterobacteriaceae and class 

Gammaproteobacteria (sub-class of phylum Proteobacteria), observed in the 

fecal microbiome analysis. Genomic DNA was extracted using the QIAamp 

PowerFecal DNA Kit (Qiagen, CA, USA) (for mice feces, milk, and the control 

and synbiotic yogurts) and the QIAamp DNA Mini Kit (Qiagen, CA, USA) (for E. 

coli OP50), according to the manufacturer’s instructions. The target gene for 

Enterobacteriaceae was rpoB (primers: F: 5’-CAGGTCGTCACGGTAACAAG-3’; 

R: 5’-GTGGTTCAGTTTCAGCATGTAC-3’), while the target gene for 

Gammaproteobacteria was Gamma (primers: F: 5’- CMATGCCGCGTGTGTGAA-

3’; R: 5’- ACTCCCCAGGCGGTCDACTTA-3’). Quantitative gene expression was 

performed using real-time PCR (ABI 7500; Applied Biosystems), with a reaction 

volume of 10 μl. The 16S rRNA gene served as the internal control for all 

samples and all samples were run in triplicate. Results are reported as the fold 

change in gene expression in comparison to the synbiotic yogurt (for milk and 

control yogurt) and control mouse feces (for fecal samples). 
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2.3.11. Histological analyses 

Individual mouse ileum and pancreas tissues were collected at the time of 

dissection and fixed in 10% phosphate-buffered formalin for 24 hours, followed 

by 70% ethanol, and were stored at 4ºC until use. Tissues were processed into 

paraffin blocks, sectioned at 6 µm, and stained with hematoxylin and eosin. For 

ileum tissues, 100 villi were counted from representative images in each group 

and the length and width of the villi were measured at 20x magnification, in mm. 

For analyses of the pancreas, the total number of islets, the average islet area (in 

mm2), and general morphology (normal versus infiltrated) were evaluated using 

four pancreas sections per group. All photos of the pancreas were captured at 4x 

magnification. The areas of all digital photographs were converted from pixels to 

microns, and the area of each photograph was 872.0 µm x 654.0 µm. 

Measurements were then converted to millimeters during analysis. A light 

microscope was used to observe stained tissue sections and images were 

captured using a 9-MP digital camera (MU900, AmScope). All image analyses 

were conducted using ImageJ software. 

 

2.3.12. Gene expression analysis 

Ileum tissues were collected at the time of dissection, snap-frozen in liquid 

nitrogen, and stored at -80°C until further use. Total RNA was isolated from 

approximately 30 mg of ileum tissue (each mouse) using the Qiagen RNeasy kit 

(Qiagen, Gaithersburg, MD, USA) after thorough homogenization and sonication. 
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Tissues from individual mice in each group were pooled to make three replicates 

for each group. Total RNA was reverse transcribed to complementary DNA using 

the ABI reverse transcription kit.7,74 Quantitative gene expression was analyzed 

using a 384-well gene array that targeted 94 genes and was run using the 

CFX384 real-time PCR instrument (Bio-Rad). Target genes included cell 

differentiation markers, neuronal markers, and regulatory genes of cellular and 

molecular processes. The 18S gene served as an internal control and all gene 

expression was recorded as the fold change, in comparison to the internal 

control, as previously described.74 The expression of the target genes in the 

control yogurt and synbiotic yogurt groups was compared to that of the control 

group, which was normalized. R programming software and Microsoft Excel were 

used for all analyses. A clustered heat map was constructed to analyze the 

expression of all genes among the yogurt groups, in comparison to the control 

group, using the “pheatmap”, “gplots”, and “RcolorBrewer” packages in R 

programming. Random forest analysis (RFA) was conducted using the packages 

“randomForest”, “ggplot2”, “caret”, and “lattice”, while the “psych”, “ggplot2”, 

“devtools”, and “ggbiplot” packages were used for the principal component 

analysis (PCA).  

 

2.4. Statistical analyses 

All data are expressed as mean ± standard error of the mean. Area under 

the curve (AUC) analyses were conducted for MTT and ITT assays, based on the 

following equation, in Excel: ((value1*0) + (value2*15) + (value3*30) + 
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(value4*60) + (value5*120))/5. ImageJ software was used to quantify histological 

features of the ileum and pancreas tissues, while R programming software v6.0 

and Microsoft Excel were used for the gene microarray analysis. One-way 

analysis of variance (ANOVA) was conducted to compare the means between all 

three groups and determine statistical significance (p < 0.05). If the ANOVA 

generated a p-value < 0.05, post-hoc two-sample t-tests were performed 

(assuming equal variance) to compare between the groups individually. 

PERMANOVA, a permutation-based multivariate ANOVA, was used to evaluate 

the differences in β-diversity and analyze the inter- and intra-group distances on 

the PCoA. The Chi-squared test of homogeneity was used to compare pancreatic 

islet morphology (normal versus infiltrated). Statistical significances for the fold 

changes in intestinal gene expression were calculated using the two-tailed t-test. 

For all analyses, p < 0.05 was considered statistically significant. Microsoft Excel 

was used to perform ANOVA, post-hoc t-tests, and the Chi-squared test for all 

relevant data. On the figures, statistical significance was represented as follows: 

*: p < 0.05, compared to the control; **: p < 0.001, compared to the control; #: p < 

0.05 compared to the control yogurt; ##: p < 0.001, compared to the control 

yogurt, unless otherwise noted. 
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3. RESULTS 

3.1. Development of synbiotic yogurt 

 Using the five Lactobacillus strains and different concentrations of sago 

and pectin, the percent syneresis (the percent of whey expulsed from the yogurt) 

in 20 ml within a 24-hour time period was significantly different among the groups 

(ANOVA: p < 0.001). In particular, the percent syneresis was less when using 5% 

sago and 0.175% pectin (2% syneresis) than when using only the five lactobacilli 

strains or the strains with pectin or sago individually (p < 0.001, p = 0.018, and p 

< 0.001, respectively; Figure 2A). Figure 2B shows representative images of 

each of the synbiotic yogurts (fermented differently with sago and pectin), which 

were captured during the syneresis experiments. The yogurt fermented with 5% 

sago and 0.175% pectin was also described as “smooth” and “firm”, according to 

sensory evaluations, and had the highest markings on the hedonic scale. The pH 

was not significantly different after 24-hour fermentation of the five lactobacilli 

strains, lactobacilli with 0.175% pectin, lactobacilli with 5% sago, and a 

combination of lactobacilli, 5% sago, and 0.175% pectin, when measured at the 

0-, 4-, 8-, 12-, and 24-hour time points. Based on these characteristics, and to 

yield the best quality yogurt, we decided to make our synbiotic yogurt by 

fermenting the five Lactobacillus strains, 5% sago, and 0.175% pectin (w/v) in 

2% milk at 37ºC for 14-16 hours. 
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3.2. Biochemical evaluations 

 Table I displays the values obtained for all biochemical assays for 2% 

milk, the control yogurt, and our synbiotic yogurt. The total solid content of the 

synbiotic yogurt was 16.67%, which was significantly higher than the milk, but 

significantly lower than the control yogurt (p = 0.012 and p < 0.001, respectively) 

(Figure 3A); the opposite trend was seen regarding moisture content, with the 

control yogurt having a lower percent of moisture compared to the milk and our 

synbiotic yogurt (Figure 3B). The ash content (total inorganic content) of the 

synbiotic yogurt was 24.21 ± 3.73%, which was not significantly different from the 

milk or control yogurt (ANOVA: p = 0.364; Figure 3C). Lactose is the most 

prominent disaccharide (carbohydrate) present in milk/yogurt, and the 

colorimetric picric acid assay revealed that the lactose concentration of the 

synbiotic yogurt was 45.59 ± 0.93 mg/gram of yogurt, which was significantly 

lower than the milk, but significantly higher than the control yogurt (p = 0.002 and 

p < 0.001, respectively) (Figure 3D). The total protein content of the synbiotic 

yogurt was 1.65 ± 0.26 mg/gram of yogurt and was significantly lower than the 

milk and control yogurt (p = 0.023 and p = 0.027, respectively) (Figure 3E). 

Based on the reported fat contents of the milk and control yogurt that were 

purchased from the store, we considered the fat content was approximately 2% 

(w/v) for both. 
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3.3. Body weight and water and food intakes 

 Daily BW, water intake, and food intake were measured during the five-

week study. The daily BW values for all groups during the five-week study are 

shown in Figure 4A. ANOVA revealed that there were significant differences 

among the groups (ANOVA: p < 0.001), with the control yogurt-fed mice having 

the lowest average BW throughout the course of the study (28.77 ± 0.15 g). A 

lower average BW in the control yogurt-fed mice was also associated with more 

severe hyperglycemia, compared to the milk- and synbiotic yogurt-fed groups. 

The change in the average BW was analyzed before and after STZ 

administration to normalize any differences in BW seen between the groups. The 

overall average change in daily BW was not significantly different before STZ 

administration (ANOVA: p = 0.223); however, there was a significant difference 

between the groups after STZ (ANOVA: p < 0.001). Consumption of the control 

yogurt with HFD led to a significant decline in BW after STZ administration, 

compared to milk and the synbiotic yogurt (p < 0.001, both comparisons; Figure 

4B). The control yogurt mice demonstrated significantly higher average water 

intake per day (4.66 ± 0.16 ml), compared to the control (4.17 ± 0.16 ml; p = 

0.030) and the synbiotic yogurt (4.15 ± 0.11 ml; p = 0.010) groups (Figure 4C); 

this indicates that polydipsia (excessive thirst) may be a phenotype of diabetes, 

especially in the control yogurt-fed mice. The average food intake per day was 

not significantly different among the groups (ANOVA: p = 0.313), suggesting that 

neither the HFD nor the treatments were major factors contributing to changes in 

BW (Figure 4D).  
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3.4. Fasting blood glucose 

 FBG levels were measured for 14 consecutive days after administration of 

STZ following a six-hour fast, as outlined in the Methods. This was done in order 

to closely monitor sustained hyperglycemia, which is a marker of insulin 

impairment/resistance and/or pancreatic β cell dysfunction in this mouse model. 

Figure 5A shows the average daily FBG values by group, with Day 0 being the 

FBG one day before the start of HFD and Day 1 being the FBG on the day STZ 

was administered. There were no significant differences in FBG in any of the 

groups due to HFD alone. Overall, the FBG was significantly reduced in synbiotic 

yogurt-fed mice, compared to those fed milk and the control yogurt (p = 0.016 

and p < 0.001, respectively) during the 14-day FBG measurement period. 

Interestingly, consumption of the control yogurt also significantly elevated the 

FBG, when compared to milk (p = 0.023). Additional analysis was performed by 

comparing the average weekly FBG values for each group (Week 1 [Days 1-7] 

versus Week 2 [Days 8-14]). When comparing the FBG values for Week 1 

among the groups, the synbiotic yogurt group demonstrated the lowest average 

FBG (246.40 ± 5.62 mg/dl), compared to the milk (271.40 ± 13.37 mg/dl) and 

control yogurt groups (328.38 ± 16.78 mg/dl), but there were no significant 

differences in the population means (ANOVA: p = 0.125) (Figure 5B). However, 

during Week 2, the average FBG in the synbiotic yogurt-fed mice was 

significantly lower (273.81 ± 6.59 mg/dl), compared to the mice fed HFD with milk 

(360.64 ± 18.56 mg/dl; p < 0.001) and control yogurt (493.41 ± 16.57 mg/dl, p < 

0.001) (Figure 5B).  
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3.5. Meal tolerance 

 The MTT indicates the rise in glucose upon consumption of a meal and 

demonstrates the stimulatory effects of insulin and incretin hormones in glucose 

homeostasis.120 As described in the Methods, MTT was performed twice at 

baseline (to account for milk and yogurt groups and ensure there were no 

significant differences at baseline between the groups) and once at the end of 

the five-week study. Compared to the baseline assay, where there were no 

significant differences between the groups (ANOVA: p = 0.956; Figure 6A), the 

synbiotic yogurt group demonstrated a lower rise in glucose during the MTT, 

compared to the milk and control yogurt groups, after five weeks of HFD (Figure 

6B). This was associated with a significantly lower AUC (20183.2 ± 1564.2), 

compared to the control yogurt group (25848.4 ± 477.4, p = 0.008); the post-hoc 

t-test revealed there was no significant difference in the AUC between the milk 

control (24661.5 ± 1332.6) and synbiotic yogurt groups (Figure 6B).  

 

3.6. Insulin sensitivity 

ITT was performed at baseline (Figure 7A) and at the end of the five-week 

study to measure insulin sensitivity as a regulator of blood glucose homeostasis. 

We found that the blood glucose, AUC, and percent change in blood glucose 

levels during ITT were not significantly different in any of the groups at the 

endpoint (Figures 7B, 7C). Percent change was calculated to account for the 

significant differences seen in the baseline ITT AUC analysis (ANOVA: p < 



 

34 
 

0.001). The endpoint results indicated that insulin sensitivity was not impacted by 

the supplementation of milk or either of the yogurts. 

 

3.7. Fecal microbiome 

 To determine the impact of HFD supplemented with milk and yogurt on the 

gut microbiome, we performed 16S rRNA analyses using fresh fecal samples 

that were collected at the end of the study. Interestingly, the β-diversity of the gut 

microbiome was significantly different among the groups (PERMANOVA: p < 

0.001; Figure 8A). However, α-diversity indices, including the observed 

operational taxonomic units, Shannon index (species diversity/evenness), and 

Chao1 (species richness), were not significantly different among the groups 

(Figure 8B). 

Furthermore, Figure 9A compares the relative abundances of the major 

bacterial phyla present in the samples. The abundance of Firmicutes was lower 

in the synbiotic and control yogurt groups, but these differences were not 

statistically significant (ANOVA: p = 0.116) (Figure 9B; left). The abundance of 

Bacteroidetes was higher in the synbiotic yogurt-fed group compared to the milk- 

and control yogurt-fed groups, but the differences were not statistically significant 

(ANOVA: p = 0.253) (Figure 9B; right). Notably, there was a significant difference 

in the abundance of Proteobacteria among the groups (ANOVA: p = 0.037), and 

the abundance of this phylum in the control yogurt group was significantly higher 

than in the synbiotic yogurt group (p = 0.032) (Figure 9B; bottom).  
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 The relative abundances of the major bacterial families are shown in 

Figure 10A. Interestingly, the abundance of family S24-7 was significantly higher 

in the synbiotic yogurt group compared to the control yogurt group (p = 0.039), 

but not the milk control group (Figure 10B; left). The abundance of 

Streptococcaceae was reduced in the synbiotic yogurt group, compared to the 

control and control yogurt groups, but these differences were not statistically 

significant (ANOVA: p = 0.055) (Figure 10B; right).  

 Furthermore, Figure 11A shows the relative abundances of the major 

genera observed after five weeks of HFD and dietary interventions. As expected, 

the abundance of Lactobacillus was significantly higher in both yogurt groups, 

compared to the milk control group (Figure 11B; left). The abundances of 

Bifidobacterium were also higher in the two yogurt groups, compared to the milk 

control group, but the differences were not statistically significant (ANOVA: p = 

0.348) (Figure 11B; right). Surprisingly, the abundance of Enterobacteriaceae 

(which includes opportunistic pathogens, such as E. coli) was significantly 

different among the groups (ANOVA: p = 0.005); the control yogurt group 

exhibited a significant increase, compared to the synbiotic yogurt group (p = 

0.008) (Figure 11C; left). Additionally, the abundance of Streptococcus was 

significantly higher in the control yogurt group, compared to the control and 

synbiotic yogurt groups (p < 0.001, both comparisons), but this could be 

attributed to the S. thermophilus starter culture present in the yogurt (Figure 11C; 

right). 
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The LefSe cladogram summarizes the major trends seen in the 

microbiome signature for each intervention group (Figure 12A). The LefSe 

illustrates the restoration of Lactobacillus in the synbiotic yogurt group and an 

increase in Streptococcaceae in the control yogurt group. Furthermore, the milk 

control group exhibited increases in Clostridiales and Clostridiaceae, which could 

be associated with diabetes progression. The abundances of Gram-negative and 

Gram-positive bacteria, as well as ratios of aerobes, facultative anaerobes, and 

obligate anaerobes were also compared. There were no significant differences in 

the abundances of Gram-negative and Gram-positive bacteria between the 

groups (ANOVA: p = 0.432, both comparisons). However, the abundance of 

Gram-positive bacteria was notably lower in the synbiotic and control yogurt 

groups (Figure 12B). The number of aerobes was not significantly different 

among the groups (Figure 12C). On the other hand, the abundance of facultative 

anaerobes was significantly higher in the control yogurt and synbiotic yogurt 

groups (p = 0.002 and p = 0.045, respectively), compared to the milk control 

group. The number of obligate anaerobes was significantly reduced in the control 

yogurt group, compared to the milk control and synbiotic yogurt groups (p = 

0.038 and p = 0.014, respectively) (Figure 12C). 

   

3.8. Determination of the origin of increased Enterobacteriaceae and 

Proteobacteria in the gut of control yogurt-fed mice 

 Further analysis was conducted to determine the source of the 

opportunistic pathogens, such as those of family Enterobacteriaceae and phyla 
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Proteobacteria, which were enriched in the gut microbiome of mice fed HFD 

supplemented with control yogurt. E. coli is the most common bacterial strain 

belonging to phylum Proteobacteria and family Enterobacteriaceae; therefore, we 

measured the abundance of E. coli by quantifying the rpoB gene expression in 

the milk and yogurt samples. However, expression of the rpoB and Gamma 

genes in the milk could not be used for comparison because CT values on the 

real-time PCR were not detected. Therefore, the fold change in bacterial gene 

expression for the control yogurt was compared to the synbiotic yogurt. The 

expression of the rpoB gene was higher in the control yogurt than the synbiotic 

yogurt, but the difference was not significant (ANOVA: p = 0.075). Similarly, real-

time PCR demonstrated that there were no significant differences in the relative 

abundances of Enterobacteriaceae in the mouse feces from any group (ANOVA: 

p = 0.253; Figure 13B). On the other hand, the expression of the Gamma gene 

was significantly different among the groups (ANOVA: p < 0.001), with the control 

yogurt demonstrating significantly higher expression than the synbiotic yogurt (p 

< 0.001; Figure 13C). The relative abundance of Gammaproteobacteria was also 

significantly higher in the feces of the control yogurt-fed mice than the control and 

synbiotic yogurt-fed mice (p = 0.015, both comparisons), which confirms the 

findings of the fecal microbiome analysis (Figure 13D). This suggests that the 

control yogurt was the source of Proteobacteria and likely contributed to the 

enrichment of such bacteria in the gut of control yogurt-fed mice.  
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3.9. Histological analysis of the ileum 

 When restricting the number of villi to 100 for each group, it was found that 

the average villi length was similar for all three groups (ANOVA: p = 0.659; 

Figure 14A). However, the villi width of the control yogurt-fed mice (0.111 ± 0.003 

mm) was significantly higher than that of their milk- and synbiotic yogurt-fed 

counterparts (0.096 ± 0.002 mm, p < 0.001 and 0.089 ± 0.002 mm, p < 0.001, 

respectively) (Figure 14B). The villi width between the milk control and synbiotic 

yogurt groups was not significantly different (Figure 14B). The increased width of 

the villi in the control yogurt-fed mice, as well as damage to the intestinal 

epithelium, can be seen in the representative images of the ileum tissues, which 

were captured at 20x magnification (Figure 14C). 

 

3.10. Histological analysis of the pancreas 

To determine the impact of the milk and yogurt diets on pancreatic islets, 

the number of total islets preserved on four pancreas sections was counted for 

each group. We found 45, 30, and 80 islets in the milk-, control yogurt-, and 

synbiotic yogurt-fed mice, respectively (Figure 15A); ANOVA revealed that there 

were significant differences between these counts (ANOVA: p = 0.047). The 

number of islets in the synbiotic yogurt group was significantly higher than the 

number of islets in the control yogurt group (p = 0.039). The average islet area 

was smaller in the control yogurt group (0.61 ± 0.08 mm2) compared to the 

control (1.69 ± 0.40 mm2) and synbiotic yogurt (1.12 ± 0.23 mm2) groups, but 
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there were no significant differences between the groups (ANOVA: p = 0.083; 

Figure 15B). Furthermore, Figure 15C compares the percentage of normal islets 

to the percentage of infiltrated or involuted islets. The distinct morphological 

differences between these phenotypes can be seen in the representative images, 

which were captured at 4x magnification (Figure 15D). Infiltrated islets were 

defined as islets that were obviously infiltrated by immune cells and exhibited an 

involuted shape (red arrows), while normal islets were round and did not show 

signs of infiltration (black arrows). Using the Chi-squared test of homogeneity, it 

was found that the proportion of normal islets was significantly higher in the 

synbiotic yogurt group, compared to the control yogurt group (p = 0.039), with no 

significant differences between the control and yogurt groups. 

 

3.11. Gene array analysis 

 The PCA analysis (Figure 16A), which shows the multi-dimensional scale 

plot for the three groups, revealed that there were significant differences in the 

expression of genes in the gene array among the groups. Figure 16B is a 

clustered heatmap showing the up- and down-regulation of all 94 genes in the 

yogurt groups, in comparison to the milk control group. While there were some 

similar trends, some distinct differences in gene expression were seen for 

AnnexinV, p15, Shp2, EphB2, Fgfr3, Pcna, Fabp7, and Dil-1 (most of which are 

cellular process or cell type markers). These genes were downregulated in the 

synbiotic yogurt group, compared to the control yogurt group. On the other hand, 

Isl1, a critical transcription factor that binds to the enhancer of the insulin gene, 
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was upregulated in the synbiotic yogurt group, compared to the control yogurt 

group.  

 The RFA in Figure 17A uses the mean decrease accuracy to display the 

thirty genes that were the most significantly different in the control yogurt and 

synbiotic yogurt groups (less accurate), in comparison to the control group. 

Figure 17B is a table displaying the average fold changes of the thirty genes that 

were the most significantly up-/downregulated and their respective p values 

(calculated using two-tailed t-tests). SpiB, Tert, and Defa were the most 

significantly downregulated genes and were more downregulated in the synbiotic 

yogurt group (all fold changes, p < 0.05). Conversely, Ffar3 was the most 

upregulated gene, with higher expression in the control yogurt group (all fold 

changes, p < 0.05). SpiB and Defa are cell type markers that play a role in the 

immune system through the development of immune cells and defensins 

(antimicrobial peptides), while Tert is a neuronal marker involved in the 

expression of telomeres. Ffar3 is a molecular marker for GPCRs that bind 

SCFAs and regulate host metabolism. These findings provide insight regarding 

the potential mechanisms of T2D progression in our study, but individual gene 

expression analyses are necessary to make stronger conclusions. 
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4. DISCUSSION 

4.1. Discussion of study findings 

 In T2D, reduced glucose uptake in peripheral metabolic organs and 

pancreatic β cell dysfunction are effects of chronic insulin resistance and lead to 

a decline in insulin secretion; ultimately, these dysfunctions in metabolic organs 

result in hyperglycemia.3,5 T2D is one of the leading causes of death, especially 

in older adults.4 Based on projected increases in diagnoses and medical 

expenses in the next decade due to T2D, it is essential to establish preventive 

strategies that are easy to implement, safe, cost effective, and widely available. 

This study demonstrated that a novel synbiotic yogurt may prevent T2D 

progression in a non-genetic mouse model, compared to milk and a 

commercially-available yogurt. We found that the mice fed HFD with the synbiotic 

yogurt had significantly lower FBG levels and improved meal tolerance, which 

are associated with beneficial shifts in the gut microbiome, improved intestinal 

morphology, and protection of pancreatic islets from HFD-/STZ-induced cell 

death and dysfunction. In addition, the mice fed HFD with the control yogurt 

exhibited worse hyperglycemia and meal tolerance, which are associated with a 

dysbiotic gut microbiome signature, detrimental changes in intestinal 

morphology, and reduced β cell mass in the pancreas. Interestingly, there were 

no significant differences in food intake among the groups, but the control yogurt 

significantly increased water intake, suggesting that increased thirst or water 

intake (polydipsia) may also be a phenotype present in T2D. The reduction in BW 

after STZ was significantly higher in the control yogurt group and lowest in the 
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synbiotic yogurt group. These findings suggest that severe hyperglycemia was 

associated with a more diseased phenotype in the control yogurt-fed mice and 

significant weight loss, while better control of hyperglycemia in the synbiotic 

yogurt-fed mice was associated with reduced weight loss. 

 Similarly, independent studies have demonstrated that administration of 

probiotics improves glucose homeostasis. Feeding of Lactobacillus probiotic dahi 

(Indian yogurt)77 and L. plantarum CCFM0236121 in HFD-/STZ-induced T2D 

rodents significantly improved glucose tolerance. Our results also show that the 

meal tolerance was significantly improved in the synbiotic yogurt-fed mice, 

compared to the mice fed milk or control yogurt. Furthermore, a synbiotic shake 

containing L. acidophilus, B. bifidum, and FOS,99 soymilk fermented with L. 

rhamnosus CRL981,122 L. casei,123 and a food product fermented with lactic acid 

bacteria (LAB)124 reduced FBG levels. Several probiotics, including L. acidophilus 

NCFM and a multi-strain probiotic containing L. rhamnosus LMG S-28148 and B. 

animalis subsp. lactis LMG P-28149 improved insulin sensitivity in T2D subjects 

and those with gut microbiome dysbiosis.75,80 However, insulin sensitivity was not 

significantly different among any of the groups in the present study. Multiple T2D 

rodent models have reported the development of insulin resistance over a period 

of 10-16 weeks;125-127 therefore, longer exposure to HFD or the intervention in the 

present study could have led to significant effects of the synbiotic yogurt on 

insulin sensitivity.  

 Most fermented milk products are prepared with LAB, which are known to 

improve human health and beneficially modulate the gut microbiome.128 The gut 
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microbiome signatures of the control yogurt- and synbiotic yogurt-fed mice were 

significantly different. Although not significant, the abundance of Firmicutes was 

lower in both yogurt groups. Firmicutes are commonly found in higher 

abundances in the gut of obese and diabetic individuals, as well as in rodent 

models.129-131 Earlier studies demonstrated that feeding of commercial probiotics, 

such as VSL#3 (now known as VisBiome®) significantly reduced Firmicutes and 

increased Bacteroidetes, which have more beneficial effects in T2D.74 In addition, 

the feeding of yogurt fermented with L. delbrueckii subsp. bulgaricus 2038 and S. 

thermophilus 113 reduced the abundance of Firmicutes in rodents fed normal 

chow.132 The abundance of Lactobacillus spp. was also increased in the gut of 

yogurt-fed mice. Since both yogurts are fermented with multiple strains of 

Lactobacillus probiotics, this could be due to the supply of lactobacilli in the 

yogurts. An increased abundance of lactobacilli in the gut may be associated with 

reduced colonization of opportunistic pathogens, restored microbiome diversity, 

and reduced bacterial translocation.6,71 Consumption of probiotics, such as L. 

acidophilus DDS-1, and synbiotics, such as L. helveticus M92 with inulin, have 

been associated with increased abundances of LAB and reduced enterobacteria 

and clostridia.79,97 Bifidobacterium and S24-7 spp. were increased in both yogurt 

groups (more so in the synbiotic yogurt group), with the increase in S24-7 in the 

synbiotic yogurt-fed mice being significant compared to the control yogurt-fed 

mice. The increases in both bacterial groups are notable because they are well-

known for their ability to produce beneficial metabolites, such as SCFAs. For 

example, a synbiotic intervention of B. animalis subsp. lactis and L. paracasei 
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subsp. paracasei DSM 46331 with oat β-glucan restored production of SCFAs in 

the cecum; this suggests that increases in Lactobacillus and Bifidobacterium 

species in the fecal microbiomes of the yogurt-fed mice could have enhanced 

SCFA production.96,132  

Despite some beneficial changes seen in the gut of control yogurt-fed 

mice, the abundance of phylum Proteobacteria and family Enterobacteriaceae, 

which both are largely comprised of opportunistic pathogens and include E. coli 

strains, were significantly higher in these mice, compared to the synbiotic yogurt-

fed mice. These groups of bacteria have been associated with T2D in a previous 

human study.133 However, because the source of these bacteria in the control 

yogurt-fed mice was unknown, the abundances of Gammaproteobacteria (a sub-

class of Proteobacteria) and Enterobacteriaceae in milk, the control yogurt, and 

the synbiotic yogurt were measured. Interestingly, we found that the abundance 

of Gammaproteobacteria was significantly higher in the control yogurt compared 

to the synbiotic yogurt, but was not detected in the milk. Using real-time PCR, we 

also confirmed the increased abundance of this phylum in the feces of mice, 

which aligns with our fecal microbiome analysis and indicates that the control 

yogurt-fed mice had higher abundances of Gammaproteobacteria in their gut. 

Similar trends were seen for Enterobacteriaceae, but the differences were not 

statistically significant. Therefore, these results demonstrate that Proteobacteria 

originated in the control yogurt and suggest that Enterobacteriaceae may have 

originated in the yogurt; however, further investigation is warranted to delineate 

the source of Enterobacteriaceae. There are no reports indicating the use of 
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these cultures in the control yogurt and the source of these bacteria are not 

known.  

 The number of islets in the pancreas of synbiotic yogurt-fed mice was 

significantly higher than the control and control yogurt groups. This finding 

highlights the potential role of synbiotics in restoring islet number and partly 

aligns with results of a previous study, which demonstrated that L. plantarum 

fermented carrot juice improved islet number, size, and morphology of the 

pancreas in a HFD-/STZ-induced T2D rat model.5 Two strains of Lactobacillus 

individually reduced the number of infiltrated and degenerated islets seen in T2D 

rats; this result is consistent with our findings because the synbiotic yogurt-fed 

mice had the highest percentage of morphologically normal islets, with a 

significantly higher proportion compared to the control yogurt-fed mice.134 

Additionally, T2D subjects had a significant decrease in pancreatic volume (33%) 

and a higher prevalence of involuted (infiltrated) pancreases.24 

Our studies demonstrated that administration of synbiotic yogurt 

significantly prevented the progression of diabetes in the HFD-/STZ-induced T2D 

mouse model and preserved the gut microbiome composition, intestinal 

physiology, and pancreatic islet morphology, in comparison to control milk and a 

commercially-available probiotic yogurt. 
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4.2. Study limitations 

 One limitation of this study is that only the short-term effects of our 

synbiotic yogurt were evaluated. The long-term progression of T2D in this non-

genetic mouse model and the effects of the synbiotic yogurt over a longer period 

of time remain unknown. Testing the effects of our novel synbiotic yogurt over a 

longer time period will further suggest the protective effects of this synbiotic 

yogurt in HFD-fed mice. Despite this, the real-world applicability of the synbiotic 

yogurt for the treatment of T2D remains limited because this study is conducted 

in mice and has not been tested clinically. 

 Additionally, the control yogurt group exhibited unexpected effects, such 

as significantly worsened glycemic markers, gut microbiome dysbiosis, and 

damage to the morphology of intestinal villi and pancreatic islets, even more so 

than the control (milk) group. This raises concerns regarding the effects of 

commercially-available yogurts on T2D progression. Therefore, future studies 

should include a large number and variety of commercial yogurts to elucidate 

their effects on T2D progression.  

 A third limitation is that the highest reading on the blood glucometer used 

in this study is 600 mg/dl. Therefore, any values higher than 600 mg/dl cannot be 

determined during FBG measurements or MTT. 
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4.3. Future directions 

Additional analyses would further elucidate the systemic effects of our 

synbiotic yogurt on T2D progression. Analyzing the SCFAs in the feces, intestine, 

or serum could reveal gut microbiota functions and the relative abundances of 

probiotic species in the gut. Increased levels of SCFAs could be associated with 

improved metabolic functions through the binding of FFAR2/3, which 

subsequently leads to regulation of gene expression or upregulation of incretin 

hormones, such as GLP-1.62 Analyzing the expression of Ffar2, Ffar3, and 

GLP1r individually from the ileum tissues will also highlight the role of these 

metabolic pathways in T2D progression in the present study. Furthermore, 

analyzing the expression of inflammatory markers (such as LPS or ILs) will 

elucidate the level of intestinal inflammation, which has been shown to affect 

intestinal/pancreatic physiology and bacterial translocation, and leads to gut 

dysbiosis.6,71 

Furthermore, we plan to use the gene array analysis to decide which 

genes (of the 94 included) that we would like to analyze individually in the ileum 

tissues. This will highlight specific pathways that may have contributed to the 

phenotypes observed in this study. Based on the results of the gene array 

analysis, individual target genes should include the cell type and cellular process 

markers that were expressed differently between the yogurt groups, as identified 

by the clustered heatmap. In addition, analyzing inflammatory cell markers, such 

as SpiB and Defa, may elucidate if intestinal inflammation was associated with 
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gut dysbiosis, altered intestinal physiology, and abnormal pancreatic morphology, 

especially in the control yogurt-fed mice. 

In the near future, we wish to expand this project by analyzing the effects 

of other yogurt products on T2D progression in the non-genetic HFD-/STZ-

induced T2D mouse model. Including additional yogurt products will strengthen 

the findings associated with the synbiotic yogurt and might uncover reasons why 

the control yogurt we used was associated with such detrimental effects on T2D 

progression in the present study. Elucidating the effects of our synbiotic yogurt is 

also imperative because, while yogurt is generally considered as a healthy food 

that aids in digestive health and prevents T2D progression,135 there are 

controversial results regarding the protective effects of probiotic yogurts in 

comparison to conventional yogurts, as seen in a recent study and meta-

analysis.136,137  

 

4.4. Conclusion 

 The results of the present study highlight the potential therapeutic effects 

associated with consumption of a novel synbiotic yogurt, containing five strains of 

human-origin Lactobacillus probiotics and a prebiotic isolated from sago, for 

diabetes in a non-genetic mouse model of T2D. Furthermore, we have reported 

detrimental effects in the mice consuming a commercially-available probiotic 

yogurt, which raises concerns regarding the efficacy of such products in 

ameliorating T2D. Additional studies are crucial for elucidating the protective 
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effects of our synbiotic yogurt for treating T2D, in comparison to a wide scope of 

commercial yogurts, and addressing concerns of store-bought yogurts. 
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5. FIGURES AND TABLES 

Figure 1. Study design and timeline. (A) Randomization of twenty-five mice into the control, control yogurt, and synbiotic 

yogurt study groups. (B) Flow chart of the overall study design and timeline. 

BW: Body weight; FBG: Fasting blood glucose; HFD: High-fat diet; i.p.: Intraperitoneal; ITT: Insulin tolerance test; Lb: 

Lactobacillus; MTT: Meal tolerance test; STZ: Streptozotocin 

B 
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Figure 2. Development of our novel synbiotic yogurt. (A) The percent syneresis in 

20 ml of synbiotic yogurt over a 24-hour period was significantly different among 

yogurts with Lb only, Lb with 5% sago and 0.175% pectin individually, and Lb 

with sago and pectin together (ANOVA: p < 0.001). (B) Representative images of 

the four yogurts during syneresis experiments. 

Results of the post-hoc t-tests are indicated as follows:  *: p < 0.05, compared to 

five lactobacilli; **: p < 0.001, compared to five lactobacilli 

ANOVA: Analysis of variance; Lb: Lactobacilli 

A 
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Figure 3. Biochemical evaluations of milk, control yogurt, and synbiotic yogurt. 

(A) Total solid content. (B) Total moisture content. (C) Total ash content. (D) 

Total lactose content. (E) Total protein content. 

Results of the post-hoc t-tests are indicated as follows: *: p < 0.05, compared to 

milk; **: p < 0.001, compared to milk; #: p < 0.05, compared to control yogurt; ##: 

p < 0.001, compared to control yogurt; ns: not significant (p > 0.05) 

ANOVA: Analysis of variance 

A B 

C D 
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Figure 4. Daily measurements during the five-week study. (A) Average daily body 

weight. The arrow points to the day STZ was administered. (B) Average change 

in body weight before STZ (top) and after STZ (bottom). (C) Average daily water 

intake per mouse. (D) Average daily food intake per mouse. 

Results of the post-hoc t-tests are indicated as follows: *: p < 0.05, compared to 

control; **: p < 0.001, compared to control; #: p < 0.05, compared to control 

yogurt; ##: p < 0.001, compared to control yogurt; ns: not significant (p > 0.05) 

ANOVA: Analysis of variance; STZ: Streptozotocin 
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Figure 5. Daily measures of fasting blood glucose following streptozotocin 

administration. (A) Average daily fasting blood glucose. The arrow points to the 

day STZ was administered. (B) Comparisons in fasting blood glucose between 

the groups during Week 1 (Days 1-7) and Week 2 (Days 8-14). 

The results of the post-hoc t-tests are indicated as follows: **: p < 0.001, 

compared to control; ##: p < 0.001, compared to control yogurt; ns: not significant 

(p > 0.05) 

ANOVA: Analysis of variance; STZ: Streptozotocin 

A 
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Figure 6. Baseline and endpoint meal tolerance tests. (A) There were no 

significant differences between the groups at baseline, as demonstrated by the 

curve (left) and AUC analysis (right) and ANOVA. (B) Meal tolerance at the 

endpoint, showing the curve (left) and AUC analysis (right).  

Results of the post-hoc t-tests are indicated as follows: #: p < 0.05, compared to 

control yogurt; ns: not significant (p > 0.05) 

ANOVA: Analysis of variance; AUC: Area under the curve 
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Figure 7. Baseline and endpoint insulin tolerance tests. (A) Baseline insulin 

tolerance test (left) and AUC analysis (right). (B) Endpoint insulin tolerance (left) 

and AUC (right). (C) The percent change during the endpoint insulin test. 

Results of the post-hoc t-tests are indicated as follows: **: p < 0.001, compared 

to control; ##: p < 0.001, compared to control yogurt; ns: not significant (p > 0.05) 

ANOVA: Analysis of variance; AUC: Area under the curve 
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Figure 8. Beta- and alpha-diversity of the fecal microbiome at the end of the five-

week study. (A) PCoA showing beta-diversity. Each dot represents the pooled 

fecal samples from one mouse. (B) The observed OTUs, Shannon Index, and 

Chao1 indices of alpha-diversity.  

ANOVA: Analysis of variance; ns: Not significant (p > 0.05); OTU: Operational 

taxonomic unit; PCoA: Principal coordinate analysis; PERMANOVA: 

Permutational analysis of variance 
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Figure 9. Fecal microbiome analysis at the phyla level. (A) Relative abundances of the six major bacterial phyla. (B) 

Abundances of the three major bacterial phyla, Firmicutes (left), Bacteroidetes (right), and Proteobacteria (bottom). 

Results of the post-hoc t-tests are indicated as follows: #: p < 0.05, compared to control yogurt; ns: not significant (p > 

0.05) 

ANOVA: Analysis of variance 

A B 
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Figure 10. Fecal microbiome analysis at the family level. (A) Relative abundances of the major bacterial families. (B) 

Relative abundances of S24-7 (top) and Streptococcaceae (bottom). 

Results of the post-hoc t-tests are indicated as follows: #: p < 0.05, compared to control yogurt; ns: not significant (p > 

0.05) 

ANOVA: Analysis of variance 

A B 
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Figure 11. Fecal microbiome analysis at the genus level. (A) Relative abundances of the major genera. (B) Abundances of 

Lactobacillus (left) and Bifidobacterium (right), two beneficial genera. (C) Abundances of potentially pathogenic genera --  

Enterobacteriaceae (left) and Streptococcus (right). 

Results of the post-hoc t-tests are indicated as follows: *: p < 0.05, compared to control; **: p < 0.001, compared to 

control; #: p < 0.05, compared to control yogurt; ##: p < 0.001, compared to control yogurt; ns: not significant (p > 0.05) 

ANOVA: Analysis of variance
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Figure 12. Overall microbiome signatures. (A) LefSe cladogram showing the 

microbiome signatures. (B) Relative abundances of Gram-negative and Gram-positive 

species. (C) Relative abundances of aerobes, facultative anaerobes, and obligate 

anaerobes. 

Results of the post-hoc t-tests are indicated as follows: *: p < 0.05, compared to control; 

#: p < 0.05, compared to control yogurt; ns: not significant (p > 0.05) 

ANOVA: Analysis of variance; Ctl: Control; LefSe: Linear discriminant analysis effect 

size; Syn: Synbiotic yogurt; Yog: Control yogurt
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Figure 13. The abundance of Enterobacteriaceae and Gammaproteobacteria in the milk 

and yogurt samples and feces of mice fed different diets. The abundance of 

Enterobacteriaceae was measured as the expression of the rpoB gene in the 

milk/yogurts (A) and mouse feces (B). Expression of the Gammaproteobacteria gene 

was also measured in the milk/yogurts (C) and mouse feces (D). 

Results of the post-hoc t-tests are indicated as follows: *: p < 0.05, compared to control 

(synbiotic yogurt or control mouse feces); **: p < 0.001, compared to control (synbiotic 

yogurt or control mouse feces); ns: not significant (p > 0.05). 

ANOVA: Analysis of variance; ND: Not detected 

B A 

C D 
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Figure 14. Histological analysis of intestinal villi. For each group, 100 villi were counted 

and measured. (A) The average length of the villi was similar among the groups. (B) 

The average width of intestinal villi. (C) Representative images of villi from each group. 

Photos were captured at 20x magnification. 

Results of the post-hoc t-tests are indicated as follows: **: p < 0.001, compared to 

control; ##: p < 0.001, compared to control yogurt; ns: not significant (p > 0.05) 

ANOVA: Analysis of variance 

A B 

Control Control Yogurt Synbiotic Yogurt 
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Figure 15. Histological analysis of pancreatic islets. Four pancreas sections were 

counted for each group. (A) Total number of islets. (B) Islet areas. (C) Comparison of 

normal versus infiltrated islet morphology. Infiltrated islets were defined as those with 

obvious infiltration of immune cells or involuted morphology. (D) Representative images 

of islets from each group. Photos were captured at 4x magnification. Red arrows point 

to infiltrated islets. Black arrows point to normal islets. 

Results of the post-hoc t-tests/Chi-squared tests are indicated as follows: #: p < 0.05, 

compared to control yogurt; ns: not significant (p > 0.05) 

ANOVA: Analysis of variance 
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Figure 16. Multi-dimensional scale plotting and clustered heatmap of the gene array. (A) 

PCA of the gene expression. (B) Clustered heatmap demonstrating the up- and 

downregulation of target genes in the yogurt groups, compared to the control group. 

Ctrl Yog: Control yogurt; PCA: Principal component analysis; Syn Yog: Synbiotic yogurt 
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Figure 17. Random forest analysis of the gene array. (A) RFA demonstrating up- and 

downregulation of the genes that were changed the most in the control and synbiotic 

yogurt groups. (B) Table displaying the fold changes and corresponding p values for the 

thirty genes, which were calculated using a two-tailed t-test.  

Fc: Fold change; RFA: Random forest analysis 
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Table I. Biochemical evaluations of milk, control yogurt, and synbiotic yogurt. 

Biochemical 
Assay 

Sample 
Value 

(mean ± 
SEM) 

One-way 
ANOVA 
results 

p value 
(compared to 

milk) 

p value 
(compared to 

control yogurt) 

Total solid 
content 

Milk 
12.08 ± 
1.05% 

p < 0.001 

- - 

Control Yogurt 
27.95 ± 
1.08% 

< 0.001 - 

Synbiotic Yogurt 16.67 ± 0% 0.012 < 0.001 

Moisture 
content 

Milk 
87.92 ± 
1.05% 

p < 0.001 

- - 

Control Yogurt 
72.04 ± 
1.08% 

< 0.001  

Synbiotic Yogurt 83.33 ± 0% 0.012 < 0.001 

Ash content 

Milk 
21.22 ± 
2.62% 

p = 0.364 

- - 

Control Yogurt 
27.28 ± 
1.26% 

ns - 

Synbiotic Yogurt 
24.21 ± 
3.73% 

ns ns 

Lactose content 

Milk 
56.81 ± 1.22 

mg/gram 

p < 0.001 

- - 

Control Yogurt 
33.57 ± 
0.925 

mg/gram 
< 0.001 - 

Synbiotic Yogurt 
45.59 ± 
0.925 

mg/gram 
0.002 < 0.001 

Protein content 

Milk 
3.23 ± 0.10 
mg/gram 

p = 0.017 

- - 

Control Yogurt 
3.97 ± 0.43 
mg/gram 

ns - 

Synbiotic Yogurt 
1.65 ± 0.26 
mg/gram 

0.023 0.027 

 

ANOVA: Analysis of variance; ns: Not significant (p > 0.05); SEM: Standard error of the 

mean. Bold p values indicate statistical significance for one-way ANOVA (p < 0.05).  
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