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I. GENERAL INTRODUCTION 

OBESITY 

Obesity has become a significant health concern within the United States and is 

commonly viewed as one of the most serious public health problems of the 21st century. 

It has been understood that the increase in obesity throughout the western world is 

directly linked to the abundance of highly palatable foods and the rise in sedentary 

lifestyles (Zandbergen et al. 2006). Obesity can be briefly defined as a condition 

characterized by an excessive or atypical amount of body fat (NIH). A consensus within 

the healthcare community classifies an individual as obese if their body mass index 

(BMI) is >30 kg/m2• Current statistics indicate that almost 65% of the US population is 

overweight which correlates to approximately 500 million people (Roault 2008; Backhed 

et al. 2004). Additionally, obesity is a risk factor for several diseases including, but not 

limited to, diabetes, hypertension, hypercholesterolemia, sleep apnea, as well as various 

forms of cancer (Kondo et al. 2010). 

CAUSES OF OBESITY: DIETARY/ENVIRONMENTAL, GENETIC, GUT FLORA 

There are various causes of obesity and normally the onset of obesity stems from 

a multitude of interrelated factors. Commonly accepted factors include environmental 
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factors such as a poor diet philosophy including foods high in saturated fat, cholesterol 

and refined sugars; a sedentary lifestyle lacking in physical activity; and genetic factors 

such as hereditary or genetic predisposition and genetic disorders. The rise in obesity 

rates has been particularly steep over the past three decades, with NHANES statistics 

(Raoult 2008) showing that the number of obese people in the USA doubled from 15% to 

over 30% within a 20 year period (1980-2000). This dramatic rate of increase is 

inconsistent with genetic factors and suggests environmental factors as the primary cause 

of obesity. Examples include influence of diet, exercise, socio-economic status, education 

and environmental chemicals such as endocrine disruptors (Tilg et al. 2009; Farooqi and 

O'Rahilly 2006). From a nutritional standpoint, caloric excess and poor dietary choices 

have been significant contributors. While the primary treatment regimen for obesity 

includes dieting and exercise, most people are unable to make long-term dietary/physical 

activity changes to support weight management. Non-compliance to an exercise and 

dietary intervention can lead to subtle weight gains even if energy intake surpasses 

expenditure by less than 1 % (Hill 2006). It is thus important and generally accepted that 

novel approaches are needed to combat the obesity epidemic. 

A novel environmental factor that has been identified to contribute to an 

individual's obesity-risk is the composition of one's gut microflora (Martinez et al. 

2009). It was shown that lean and obese individuals differ in the relative proportions of 

the two major groups of bacteria in the human gut: the Firmicutes and the Bacteroidetes 

(Ley et al. 2005). While obese individuals possessed a higher relative proportion of 

Firmicutes, lean individuals possessed a higher proportion ofBacteroidetes. The authors 



suggested that the 'obese' phenotype exerted by certain groups of gut bacteria is 

mediated by their ability to impact caloric extraction from the diet (Ley et al. 2005). 

HUMAN GUT MICRBIOTA 

3 

The human GI tract is one of the first sites of exposure to the external 

environment including diet and also the main portal to the rest of the organs in the human 

body. Through its interactions with environmental stimuli, the gastrointestinal tract plays 

an important role in the preservation of health and the etiology of disease. A significant 

component of gut-mediated influences on human health is the gut microflora (Tilg et al. 

2009).The abundance of microbes that colonize the human intestines is estimated to be in 

the trillions. The residing microbiota, dominated by 2000 species of anaerobic bacteria, 

represents a huge bacterial community mainly localized in the colon (Tilg 2009). The 

distribution of microbiota varies among anatomical site but can be divided into three 

main sections: the stomach, small intestine (SI), and large intestine ( colon). Bacterial 

concentrations within the stomach and small intestine are relatively low compared to that 

of the large intestine and colon (Fig. 1.1). The microbial inhabitants within the stomach 

are facultative anaerobes and predominately belong to Lactobacillus sp., Streptococci sp., 

and Enterococcus (Xiao-Xing Li 2009). The distribution and diversity of the human 

micro biota is a result of numerous factors such as the influx of new species, 

physiochemical dynamics (pH, oxygen content, and motility) of the gut, and substrate 

availability (Quigley 2010). The residing microbes within the small intestines of healthy 

individuals are predominately facultative anaerobes (Lactobacillus sp., Bacteroidetes sp., 

Clostridium sp., Bifidobacterium sp., and Streptococci). Upon reaching the terminal 

ileum of the intestines, bacterial concentrations dramatically increase to levels nearly 
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reaching lQ/'9 CFU/ml (Quigley 2010). The human large intestines and colon is the 

section of the GI tract that contains the largest and most diverse microbial habitat than 

any other region of the human body (Fig.1.1 ). The bacterial concentrations, although not 

all species have been identified, can reach levels as high as 1 QA 12 cfu/ml (Hooper et al. 

2002). Although ex-vivo cultivation of microbes from the gut is limited, gene-based 

sequencing has led to the discovery that microbial densities are as high as 1 QA 14 cfu/ml 

(Gil et al. 2006; Hooper et al. 2002); 

Figure 1.1: Schematic overview of microflora within the human gut (Wilson 2005) 

Based on the understanding of the impact of gut bacteria on health, they have 

been broadly placed in three categories (Yang et al. 2005 ; Hooper et al. 2002): a) those 

with harmful or pathogenic influences, b) those that have beneficial effects, and c) those 

that may have both. This classification was primarily based on the ability of certain gut­

bacterial species to impart localized benefits such as pathogen-resistance and immune­

modulation (Saulnier et al. 2009; Tilg et al. 2009). However, we now know (Haemer et 
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al. 2009; Wolf and Phil 2006; Freitas et al. 2003) that the multifaceted bacterial-host 

interactions arising from the presence of these gut bacteria promote a symbiotic 

environment that influences host metabolism 'beyond the gut'. The collective genomes 

of the residing bacteria contain approximately 100 times more genes than the human 

genome (Backhed et al. 2004). The bacterial genome or the microbiome present in the 

human gut can thus be considered a separate metabolic organ that explicitly adapts to an 

individual's physiology (Dumas et al. 2006). The resulting symbiotic relationships have 

been shown to substantially influence host physiology, gene expression, as well as 

metabolic capacities that have evolved primarily due to the residing microbiota (Wolf and 

Phil 2006). 

GUT MICRO FLORA AND DIETARY ENERGY HARVEST 

By virtue of their location in the human digestive tract, gut microbes are 

effectively situated at the interface of diet and gut to potentially influence nutrient host 

interactions. As mentioned earlier, an association has been established between the 

abundance of certain bacterial divisions in the human gut and the incidence of obesity 

(Vrieze et al. 2010; Musso et al. 2010; Cani and Delzenne 2009). Pioneering studies 

conducted by Jeffery Gordon and colleagues indicated that mice with a normal gut 

micro biota ( conventionally-raised mice) had approximately 40% more total body fat than 

their germ-free littermates consuming the same diet. Moreover, conventionally-raised 

mice required 30% less caloric intake to maintain their body weight than their germ-free 

counterparts. Transplantation of gut microbes from conventionally-raised mice to the 

recipient germ-free mice resulted in a 60% increase in body fat content and insulin 

resistance within two weeks (Kondo et al 2010; Buck et al. 2008). The experiments 
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suggest that the presence of gut microflora contributes to obesity by influencing caloric 

extraction from the diet or dietary 'energy harvest'. Conventionalization of germ-free 

mice resulted in alterations in transcription of various intestinal mediators that are vital in 

nutrient absorption, mucosa! barrier and metabolic functions (Tilg et al. 201 0; Hooper et 

al. 2002). 

In a human study, analysis of distal gut microflora unveiled that an obese 

phenotype is related to the altered ratio ofFirmicutes to Bacteroidetes, the two 

predominant bacterial divisions within the gut. The study determined that obese 

individuals exhibited a 50% reduction in beneficial Bacteroidetes and equivalent increase 

in the less beneficial Firmicutes (Ley et al. 2005). Relative abundance of the phylum 

Firmicutes is associated with an obese phenotype; resulting from increased 'energy­

harvest' or caloric extraction from the diet via modulation of carbohydrate and lipid 

metabolism (Backhed et al. 2007; Turnbaugh et al. 2006). The human gut microbiome 

has a vast array of genes that encoding for enzymes necessary for the degradation and 

metabolism of numerous sugars, starch and glycans as well as methanogenesis (Raoult 

2008). For example, gut microbes possess a wide array of glucoside hydrolases; 

processing complex dietary carbohydrates into monosaccharides and short-chain fatty 

acids (SCFAs) (Fig. 1.2). 



i. ~ hl~h."d 4"arbnhydl'ftl:e 
mOllt')',,uct..hande puly""""-h•H'UJc=i 

,+i;;:=~'·• ! 

_,,, w_.. ..... l 
of poly!'!l.acchanJes 

•:-

Slk'nt chaiu tatty 
..:ui. ('l("J,Al 

... 
~ ProK101al small un~stlnc + '\~par.e hm.t.enaf colutttzo.rion) 

t 
! DJ,oq:a1 smuJI mte-'¢lne ttleum) 
i ,-1u' bactena/ml) 

+ 

7 

Figure 1.2. Schematic view of microbial carbohydrate digestion throughout the intestines 
(Hooper et al. 2002) 

Relevant studies have indicated that Bacteroides thetaiotaomicron (B. 

thetaiotaomicron), a highly abundant anaerobe found in the human colon, contains 

approximately 64 such enzymes (Sonnenburg et al. 2005). The increased processing of 

these complex carbohydrates in the colon is followed by increased absorption of the 

monosaccharides and SCF As, by modulation of the relevant host receptors by the gut 

microbiota. For instance, it has been reported that B. thetaiotaomicron colonization 

promoted the increased expression of the sodium/glucose transporter (SGL T-1) within 

the human mucosal epithelium (Sonnenburg et al. 2005). Similarly, SCF As produced by 

bacterial fermentation of complex carbohydrates were absorbed by regulating the levels 

of GPR41 (Samuel et al. 2008). 

This increased intestinal absorption and utilization of liberated monosaccharides 

and SCF As has led to the understanding of how the gut microbiome can contribute to 

serum glucose and insulin levels, as well as lipogenesis. Conventionalization of germ-



free mice resulted in the elevated expression of acetyl-CoA carboxylase (ACC) and fatty 

acid synthase (Fas) both which are necessary for de novo hepatic lipogenesis (Fava et al. 

2006). In addition, it is known that insulin and glucose impact lipogenesis by increasing 

the expression of ACC and Fas (Musso et al. 2010). 
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Recent advances (Backhed et al. 2007) have elucidated the exact mechanism by 

which gut microbes modulate host adiposity. Microbiomes associated with obese 

individuals resulted in a general increase in lipoprotein lipase (LPL) activity; an enzyme 

responsible for triglycerides hydrolysis and storage from circulating lipoproteins (Fava et 

al. 2006). The 'obese' microbiota resulted in this increased LPL activity by suppressing 

the expression levels of intestinal fasting-induced adipocyte factor (FIAF), an LPL 

inhibitor (Backhed et al. 2007). Differential effects on carbohydrate and lipid 

metabolism by gut microbiota are thus partly responsible for their varying contributions 

to dietary 'energy harvest', ultimately resulting in increased fat storage and adiposity. 

FIAFIANGPTL-4 

Fasting-induced adipose factor (FIAF) also known as angiopoietin-like 4 

(ANGPTL4), is a circulating lipoprotein lipase inhibitor and is expressed in several 

metabolically active tissues including the adipose tissue, heart, liver, skeletal muscle, 

pancreas, lung, kidney, and brain (Yin et al. 2009; Mandard et al. 2005). This secreted 

protein plays an important role in glucose and lipid metabolism, angiogenesis and 

strongly up-regulated by fasting in white adipose tissue and liver, as well as during 

adipogenesis (Mandard et al. 2005; Kersten et al. 2000). 
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Mechanistically, the circulating FIAF protein tightly binds LPL and converts the 

enzyme from dimers (active) to monomers (inactive), thus rendering the activity of LPL 

(Yin et al. 2009). Upon dislocation of the dimer molecule, ANGPTL4 is then released. 

The newly formed monomers of LPL remain stable but are incapable of reforming their 

active dimer configuration (Yin et al. 2009). The expression of PIAF is directly regulated 

by certain transcription factors called peroxisome proliferator-activated receptors 

(PP ARs) (Zandbergen et al. 2006). More specifically, it was discovered that FIAF was a 

target gene of PP ARa and PP ARy. It was also realized that, although PP ARa does 

induce FIAF expression, PP ARy is the prime controller of adipogenesis (Mandard et al. 

2004). Studies conducted to better characterize this adipocytokine discovered that 

plasma FIAF existed in two main forms; native protein (~45-50kDa) and a truncated 

form (~32kDa), but the amount of expression and processing varies by tissue (Kersten 

2009; Dutton et al. 2007; Zandbergen et al. 2006). 

As mentioned earlier, FIAF protein can be detected in various tissues and in blood 

plasma, suggesting that it has an endocrine function. PIAF is a human gene encoding for 

a secreted protein that is directly involve in regulating glucose homeostasis, lipid 

metabolism, and insulin sensitivity (Mandard et al. 2005; Zandbergen et al. 2005). Its 

plasma abundance is increased by fasting and decreased by chronic high-fat feeding. In 

addition, FIAF also plays an important role in the determination of adipose tissue size 

and plasma lipid levels (Kersten et al. 2000). Decreased expression of intestinal FIAF 

has been linked to chronic diseases including type-2 diabetes and CVD, as well as altered 

LDL, HDL, and serum TG (Martinez et al. 2009). 
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Previous studies by Backhed et al. (2004) have reported that FIAF suppression is 

essential for the gut microbe-induced deposition of triglycerides in adipocytes, 

underlining the role of gut microbes as an important environmental factor influencing 

energy harvest and energy storage in the host. Recent advances (Backhed et al. 2007) 

have elucidated the exact mechanism by which gut microbes modulate host adiposity. It 

has been determined the gut microbiota of conventionally-raised mice differentially 

suppress the expression of fasting-induced adipocyte factor (FIAF), a circulating 

inhibitory protein of lipoprotein lipase (LPL); the enzyme responsible for serum 

triglyceride hydrolysis and storage in adipocytes (Backhed et al. 2007). Lipoprotein 

lipase is an enzyme that hydrolyzes lipids found in lipoproteins such as chylomicrons and 

VLDL. Hydrolysis of lipids results in the liberation of fatty acids from triglycerides and 

ultimately affects their uptake by adipose tissue. (Resta 2009; Mead et al. 2002). It has 

now been established that one of the key modulators for micro biota-induced fat 

deposition is due to their innate ability to influence triglyceride storage within adipocytes 

(Tilg et al. 2009). 

Microbial 
colonization 

of the gut 

Suppression of 
Fiaf In the gut 

epithelium 

Processing of 
dietary 

polysaccharides 

Increased hepatic 
._,.,,,,.,:,:, llpogenesis 

_,,,.......- (ChREBP/SRESP-1) 

Triglyceride 
LPL activity j' ---+ storage In f 

adlpocytes 

Figure 1.3. Schematic view of how the gut microbiota effects host fat storage 
(Backhed et al. 2004) 
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To further understand the contribution ofFIAF to the relation between gut 

microbiota and adiposity, comparisons were made using germ-free mice and germ-free 

knockout (FIAF -/-) mice. Results from the experiment showed that unlike regular germ­

free mice, FIAF (-/-) knockout mice were not protected from diet-induced obesity and 

exhibit the same degree of adiposity as their conventionally-raised siblings (Backhed et 

al. 2004). Therefore, it was concluded that FIAF is the key modulator in the microbiota­

induced increase in fat storage. 

An addtional recent study (Buck et al. 2009) discussed that gut microbes possess a 

wide array of glucoside hydrolases; processing complex dietary carbohydrates into 

SCF As. Interestingly, microbiomes associated with obese individuals have a greater 

capacity to produce short-chain fatty acids (SCF As) from complex polysaccharides. On 

top of SCF As being the main energy source for enterocytes, it is understood that SCF As 

are ligands for specific receptors, including G protein-coupled receptor 41 (Tazoe et al. 

2009; Resta 2009). Gpr4 l-bound SCF As will stimulate the expression of leptin. Leptin is 

a polypeptide hormone that affects both appetite and energy metabolism in adipocytes. 

This study revealed the importance of Gpr41 in the metabolic cycles directly related to 

the gut microbiome (i.e. regulation of the flow of calories between host and diet). 

Results from experimental studies provide enormous insight into the ways that the 

gut microflora interacts with host-metabolism to influence obesity. The symbiosis, 

composition, and biological importance of the resident microbes provide the rational 

basis for developing methods to beneficially alter the make-up of our microbiomes. The 

most widely-used dietary approach for favourable modulation of gut microflora is the 
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consumption of probiotics, prebiotics and synbiotics (Sanders and Marco 2009; Yang et 

al. 2005). 

PROB/OT/CS, PREBIOTICS AND SYNBIOTICS 

Probiotics are defined as live microbial feed supplements that beneficially affect 

the host by improving its intestinal microbial balance (Sanders and Marco 2010; Resta 

2009; Sauleir et al. 2009). Prebiotics are selectively fermented ingredients that allow 

specific changes, both in the composition and/or activity of the gastrointestinal 

microbiota that confers benefits upon host well-being and health (Sanders and Marco 

2010; Roberfroid et. al 2010; Yang et al. 2005; Gibson et al. 2004). Synbiotics are 

mixtures of pro- and prebiotics, which beneficially affect the host, by improving the 

survival and implantation oflive microbial dietary supplements in the gastrointestinal 

tract (Cruz et al. 2010; Panesar et al. 2009). 

Most of the bacteria used as probiotics belong to the Bifidobacterium and 

Lactobacillus genera and are administered via fermented dairy products (Sanders and 

Marco 2010). Within the Lactobacillus and Bifidobacterium genera, the most often 

utilized species are L. acidophilus, L. casei, B. bifidum, B. i,ifantis, and B. longum (Cruz 

et al. 2010; Nagpal and Sachdeva 2009). Foods that contain selected probiotic strains are 

normally active within the human gut, but other sites of action have been observed. To 

date, many efforts are now being focused in the direction of the gut microbiome and 

probiotics for manipulation of host metabolism and involvement in numerous conditions 

including obesity, insulin resistance, hypertension, and cancer. For many years, 

probiotics and prebiotics have been associated with numerous health-promoting activities 



ranging from immune-modulation and lipid metabolism to lowering blood pressure as 

well as beneficially altering the microbial balance within the gut (Sauleir et al. 2009). 

Although insights regarding the mechanisms responsible for the beneficial effects of 

probiotic supplementation remain inadequately defined, the effects are attributed to 

intricate microbe-microbe and microbe-host interactions (Sanz et al. 2010). While the 

influence that various gut-bacterial species including 'probiotics' have towards the 

gastrointestinal tract alone is well-established, documentation of their implications 

throughout the human body are growing. With the understanding that probiotic 

consumption shifts the composition of the intestinal microbiota as well as impacting 

bacterial-host metabolic communication, the implications that probiotics and their 

consumption may have on human health are rapidly expanding. 
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On the molecular level, little was known of the interactions that commercial 

preparations ofprobiotics had within the human body. For example, commercial 

preparations of probiotics have been used as a means of promoting weight gain in farm 

animals (Armougom et al. 2009). More importantly, probiotic products used in the 

farming industry belong to the Firmicutes, in particular Lactobacillus and Enterococcus 

spp. The author urges that given that the growth promoting ability of species such as 

Lactobacillus sp., their use as probiotic supplements for humans should be a cause of 

concern. To reinforce this notion, studies have indicated that obese individuals have a 

higher concentration of Lactobacillus sp. in their gut than that of lean or anorexic 

subjects (Armougom et al. 2009). Considering the newly discovered significance of gut 

microflora in metabolic health, it is critical to re-visit our understanding of the 
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manipulation of gut flora by probiotics and prebiotics in this context, by focusing on their 

impact on underlying molecular mechanisms. 

LITERATURE RELEVANT TO THE APPLICATION OF PROB/OT/CS IN 
OBESITY 

As mentioned above, obesity is a result of an imbalance between energy 

expenditure and energy intake. This disease is regulated by multiple pathways that are 

driven by various metabolites and hormones (Sanz et al. 2010). Regardless of years of 

intensive research, the processes implicated in the progression of metabolic disorders (i.e. 

type-2 diabetes, CVD etc.) remain poorly defined. Recently, it has been established that 

imbalance in the intestinal microbiome directly influences host metabolic processes, 

whether the aberrations are seen at the phyla, genus, or species level (Cani and Delzenne 

2009). The gut microbial composition, more often than not, correlates with the degree of 

low-grade inflammation closely linked with the onset of obesity and diabetes (Cani et al. 

2007). Interestingly, it was observed that the proportion of Bifidobacterium sp., a 

commonly used probiotic bacteria, was inversely associated with the insulin resistance, 

glucose tolerance, and metabolic disorders linked to obesity (Cani and Delzenne 2009). 

As can be expected, the use of probiotics towards metabolic diseases such as diabetes and 

obesity is a concept that is growing in validity. 

There are numerous pharmaceutical and therapeutic approaches geared towards 

the treatment of obesity and the accompanying conditions, but combating these co­

morbidities with the least offensive side effects has proven to be difficult. A novel 

approach to combat obesity and metabolic disorders has been introduced in which 

probiotic ingestion is coupled with pharmaceutical drugs. One such study revealed that 
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Bifidobacterium, given its beneficial probiotic nature, was a practical candidate to 

become the delivery vector for anti-obesity medications. In brief, recombinant B. longum 

was transformed with plasmids containing the human gene for oxyntomodulin (OXM), a 

potent regulatory molecule of body weight and appetite (Long et al. 2010). The OXM­

transformed B. longum exhibited the ability to reduce food intake, body weight and lower 

blood triglyceride levels in mice while maintaining its normal beneficial attributes. 

Further investigations will be conducted to ensure that this delivery method of probiotics 

and anti-obesity compounds compliments the residing microbiome. 

A new study conducted in rats with diet-induced obesity rats provided preliminary 

data for the beneficial use of selected probiotics as anti-obesity agents. Rats maintained 

on a high-fat diet supplemented with the probiotic Bifidobacterium breve exhibited lower 

total body fat, improved insulin sensitivity, and an improvement in serum triglycerides, 

cholesterol, and glucose. Significantly, it has been established that a high-fat diet 

diminishes the levels of Bifidobacterium sp. within the intestine. The study indicated that 

the anti-obesity effects were due to the bacterial-mediated increase in the expression of 

FIAF and pro-glucagons within the intestines (Kondo et al. 2010). It is known that the 

suppression of FIAF is pivotal in microbial-induced fat deposition within adipocytes 

(Fava et al. 2006, Stappenbeck et al. 2002). Therefore, these results further support the 

understanding of how probiotic supplementation and the composition of the human 

microbiome impart benefits to the host. 

Recently it was revealed that a specific pro biotic strain of Lactobacillus, L. 

paracasei Fl 9, was able to induce FIAF expression in HCT-16 cells. The study further 

determined that the metabolite responsible for the induction was, in fact, secreted as well 



as heat-stable (Aronsson et al. 2010). These results reinforce the idea that specific 

probiotic strains can be utilized for the targeted treatment of obesity via FIAF /LPL. 
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A study conducted in rats demonstrated that LAB, specifically L gasseri, 

decreased adipose tissue weight, growth, and size in a manner related to increased fecal 

fatty acid excretion, lower triacylglyceride transportation, absorption, and lower serum 

leptin levels (E. M. Hamad et al. 2009). Although the exact mechanism by which this 

LAB contributes to decreased adipocyte size and adipose tissue weight in rats is not 

known; probably candidates include reduction in serum leptin levels, alterations of 

adipocyte hypertrophy and circulating lipoprotein lipase (LPL) activity. These effects on 

adipocytes could not however be replicated in mice which obesity was already present 

prior to LAB supplementation. A study conducted using synbiotics revealed another 

possible approach in weight management and the treatment of obesity. A synbiotic 

powder containing inulin, Bifidobacterium sp. and Lactobacillus sp. improved host 

digestion and weight by beneficially altering the ecology and digestive enzyme activities 

of the GI tract (Yang et al. 2005). The results of the study indicated that rats maintained 

on a high dose of synbiotics for 8 weeks showed a significantly lower body weight than 

the low-dose and control groups. 

Interestingly, it was also observed that, although a lower body weight was 

achieved in the high-dose group, digestive enzyme activities (sucrase, lipase, isomaltase) 

increased. This observation is possibly due to the fact that the microbial metabolic 

reaction upon administration is dependent upon dosage, subjects, duration of 

administration, interactions with commensal microbes and the specific strain used (Yin et 

al. 2010). In a study comparing the effects of four different strains ofBifidobacteria on 
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high fat diet-induced obesity in rats, it was determined that the degree of fat distribution 

or weight gain is subject to manipulation. For example, when weight gain is medically 

needed, a particular Bifidobacterium strain (B. M13-4) can be administered to achieve 

more effective fat absorption. In contrast, in the incidence where intervention is carried 

out for weight loss, another Bifidobacterium strain (B. L66-5) could be utilized as an 

effective candidate for controlling adiposity (Yin et al. 2010). The improvement of the 

intestinal enzyme activity, mucosa! health, microbial ecology and body weight provided 

by the ingestion of selected probiotics and prebiotics reveals an alternative means to 

combat obesity. 

OBJECTIVES 

The long-term goal of our research is to further investigate the role of the human 

gut microflora in human energy metabolism and explore the mechanisms involved, 

particularly their impact on host adiposity. An interest in the role of gut microflora in 

metabolic health has undergone a huge revival in the past couple of years since a link was 

reported between gut flora and obesity (Turnbaugh et al. 2006; Ley et al. 2005; Backhed 

et al. 2004). As mentioned earlier, it was shown that lean and obese individuals differ in 

the relative proportions of the two major groups of bacteria in the human gut: the 

Firmicutes and the Bacteroidetes (Musso et al. 2010; Turnbaugh et al. 2006; Backhed et 

al. 2004). While obese individuals possessed a higher relative proportion ofFirmicutes, 

lean individuals possessed a higher proportion ofBacteroidetes. The authors suggested 

that the 'obese' phenotype exerted by certain groups of gut bacteria is a consequence of 

their capacity for 'energy-harvest' or extraction of extra calories from food in the 

gastrointestinal tract. 
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A demonstrated role gut flora in obesity has made gut flora the latest therapeutic 

target for obesity (Musso et al. 2010; Cani and Delzenne 2009; Turnbaugh et al. 2006). 

The best understood dietary approach towards modulation of gut flora is the consumption 

of probiotics, prebiotics or synbiotics. Previous studies have shown that host microflora 

as well as probiotic supplementation can beneficially affect metabolic parameters 

including; cholesterol, triglycerides, diabetes, overall energy utilization and fat storage 

(Pan and Zhang 2008; Wolf and Phil 2006). Consumption of foods and supplements 

containing pro-, pre- or synbiotics generally result in an increase in the gut population of 

Bifidobacteria and Lactobacilli. While these bacterial genera are associated with a 

multitude of reported health benefits, the status ofLactobacillus has been thrown into 

controversy as it belongs to the obesity-related bacterial phylum Firmicute. Majority of 

probiotic-containing foods preferably use Lactobacillus as it is more aerotolerant than 

Bifidobacterium and thus easier to use as a 'live bacterium' in foods that are aerobically 

processed. Considering the widespread use of Lactobacillus as a pro biotic and conflicting 

reports about its role in promoting adiposity, this investigation is aimed at comparing the 

influence of commonly used probiotic Lactobacillus and Bifidobacterium species against 

a commensal gut bacterium from the phylum Bactereoidetes; on microbe-mediated 

mechanisms of obesity. The representative bacteria chosen for this investigation are 

Lactobacillus casei (probiotic species from the obesity-related phylum Firmicutes), 

Bifidobacterium longum (probiotic species from the phylum Actinobacter, with no 

reported link to obesity) and Bacteroides thetaiotaomicron (a commensal bacterium from 

the phylum Bacteroidetes, correlated with leanness). 
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The objectives of the study are to investigate and compare the ability of 

metabolites in the cell-free supematants (CFS) from the selected bacteria in this study to: 

(1) modulate the activity of host digestive enzymes, namely disaccharidases present at the 

intestinal brush-border (sucrase/maltase) and the main lipid-digesting enzyme in the 

intestine pancreatic lipase and (2) determine the contribution of selected species of gut 

bacteria to fat storage and adiposity via modulation ofFIAF/LPL. 

Previous investigations have established the ability of gut microflora to influence 

carbohydrate and lipid metabolism. In the context of carbohydrate metabolism, these 

studies have mainly focused on the contribution of bacterial enzymes to the digestion of 

indigestible polysaccharides in the colon. Our goal was to investigate if gut microflora 

can have a direct influence on digestion and absorption of carbohydrates and lipids in the 

small intestine, by potentially influencing host digestive enzymes, namely 

disaccharidases present at the intestinal brush-border (sucrase/maltase) and the main 

lipid-digesting enzyme in the intestine, pancreatic lipase. This could serve as an alternate 

mechanism via which gut bacteria may influence host adiposity. We will compare the 

ability of cell free supematants (CFS) from each bacterial strain to modulate sucrase, 

maltase and pancreatic lipase using Caco-2 cells capable of enterocytic-like 

differentiation and expression of brush-border enzymes. 

Other key mediators of microbial effects on diet-induced obesity include intestinal 

levels of FIAF and related influences on the activity of lipoprotein lipase (LPL) and 

triglyceride storage in the adipocytes (Kondo et al. 201 O; Ley et al. 2005), hence these 

were chosen as representative biomarkers for investigating the comparative effects of 

CFS from Lactobacillus and Bifidobacterium. Effects of bacterial CFS on intracellular 



and secreted PIAF will be studied using the human colonic cell line HT-29 and murine 

adipocytic cell line 3T3-Ll will be used to study their effects on LPL activity and 

triglyceride deposition. 
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An advanced comprehension of the effect bacteria have regarding the etiology of 

human disease will provide practical tools for the adoption of progressive dietary 

strategies to enhance health outcomes in humans. Furthermore, a thorough understanding 

of how the gut microbiome responds to changes in resource availability, as well as alter 

host metabolism could lead to revolutionizing nutrition by matching one's diet to their 

gut microbiota (Sonnenburg et al. 2006). 



II. CELL-FREE SUPERNATANTS FROM LACTOBACILLUS SP., 
BIFIDOBACTERIUM SP., AND BACTEROIDETES SP. ALTER HOST 

DIGESTIVE ENZYME ACTIVITY 

ABSTRACT 

Composition of an individual's gut micro flora is a recently recognized factor in 

diet-related obesity. An obese phenotype has been associated with a relative abundance 

of the bacterial phylum Firmicutes, resulting in increased 'energy-harvest' or caloric 

extraction from the diet. Firmicutes are predominantly Clostridium sp., but include 

Lactobacillus sp., some of which are probiotics. The objective ofthis study was to 

compare 'energy-harvesting' ability of probiotics Lactobacillus casei (Firmicute) with 

Bifidobacterium longum (Actinobacterium), in terms of effects on intestinal 

carbohydrate- and lipid-digesting enzymes. We compared their effects with Bacteroides 

thetaiotaomicron (Bacteroidetes) as this strain is a predominant commensal of the human 

GI tract. Effect of cell-free supematants (CFS) from pure cultures of L. casei, B. longum, 

and B. thetaiotaomicron on intestinal disaccharidases maltase and sucrase was 

investigated in differentiated Caco-2 cells. Pancreatic lipase activity was measured by an 

in vitro turbidimetric assay. Un-inoculated bacterial growth medium was the control. L. 

casei CFS resulted in an increase in maltase and sucrase activity by 38% and 24% 

respectively. B. longum did not significantly alter maltase, and the >5kDa fraction 
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increased sucrase activity by 17%. B. thetaiotaomicron CFS decreased maltase activity 

by 17% with no effect on sucrase activity. L. casei whole CFS did not influence lipase 

activity but the >5 fraction significantly decreased lipase activity by 44%. B. longum 

increased lipase activity by 17%, and B. thetaiotaomicron decreased lipase activity by 

22%. Overall, the results indicate a greater capacity for caloric-extraction by L. casei, 

partially offset by a decrease in lipase activity. 

INTRODUCTION 
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Human gut microbiome is a significant component of human health. While it is 

well-recognized that certain gut-bacterial species including 'probiotics' impart localized 

benefits such as pathogen-resistance and immune-modulation in the gut, their metabolic 

implications beyond the gut have only recently been realized. It is now known that 

relative abundance of a phylum of bacteria called 'Firmicutes' is associated with an obese 

phenotype; resulting from increased 'energy-harvest' from the diet via modulation of 

carbohydrate and lipid metabolism (Backhed et al. 2007; Ley et al. 2006). This increased 

energy-harvest by certain gut flora has been attributed to more efficient breakdown of 

undigested complex carbohydrates in the human colon by the action of bacterial 

glycosylhydrolases, and uptake of the released monosaccharides. The aim of this study 

was to investigate whether gut microbes are also able to influence host digestive enzyme 

activity in the small intestine and thus impact dietary carbohydrate and lipid digestion 

and absorption. Along with Clostridium, its predominant member, the obesity-related 

phylum Firmicutes also contains Lactobacillus sp. Considering the widespread use of 

Lactobacilli as probiotic microorganisms in dairy products, we sought to determine if a 

representative member Lactobacillus casei contributes to obesity by exploring its effect 
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on intestinal brush-border disaccharidases sucrase and maltase and the activity of 

pancreatic lipase. Humans possess six enzyme activities required for the digestion of 

starches present within the diet. These six enzymes (two luminal endo-glucosidases and 

four exo-glucosidases/a-glucosidase) work interactively to breakdown larger 

carbohydrate molecules into useable glucose molecules (Sim 2010, Quezada-Calvillo et 

al. 2007). The a-glucosidase activities are associated with: maltase-glucoamylase 

(MGAM) and sucrase-isomaltase (SI) which are small intestinal membrane-bound 

enzymes. Sucrase-Isomaltase (SI) and maltase-glucoamylase (MGAM) are type II brush 

border membrane proteins that play an important role in the final stage of carbohydrate 

digestion. These enzymes work collectively in the hydrolysis of an assortment oflinear 

and branched dietary starches (Sim et al., 2010). Given the role that MGAM and SI play 

in the breakdown of dietary sugars and starches, they frequently become targets by 

pharmaceuticals as a method for stabilizing plasma glucose levels in individuals with 

type 2 diabetes (Sim et al. 2010). 

Dietary lipids are hydrolyzed to mono-acylglycerides and free fatty acids by 

gastric and pancreatic lipases for their subsequent absorption by the body (Mun et al. 

2006). Given the extensive prevalence of obesity and its related disorders, newer 

approaches for the treatment of obesity have targeted dietary triglyceride digestion and 

absorption via the inhibition of pancreatic lipase (PL). 

We studied the effects of L. casei relative to another common probiotic 

Bifidobacterium longum, which does not belong to the obesity-associated phylum 

Firmicutes and also to the commensal gut bacterium Bacteroides thetaiotaomicron. 
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MATERIALS 

Bacterial Strains 

Bacterial strains Lactobacillus casei (ATCC 334), Bifidobacterium longum 

(ATCC 15707), and Bacteroidetes thetaiotaomicron (ATCC 29148) were obtained from 

American Type Culture Collection (ATCC) (Manassas, VA). 

Cell-free supernatant (CFS) preparation 

Each bacterial strain was grown in their respective medium as follows: 

Lactobacillus casei in LDM-III (Jim Versalovic, Baylor College of Medicine, Houston, 

TX), Bacteroides thetaiotaomicron in BHI TM Brain Heart Infusion (Bacto ), 

Bifidobacterium longum in MRS (Oxoid). 

CFS were prepared by centrifugation (4000 g, 10 min, 4°C) oflog-phase cultures 

(OD~0.7-0.8) of L. casei, B longum, B. thetaiotaomicron in LDM-III, MRS and BHI 

respectively. This OD corresponds to log phase growth and bacterial numbers of ~108 -

109 cfu/ml which correlates to the microbial density in the human small intestine 

(Rambaud et al., 2007). The bacterial numbers were experimentally confirmed by 

performing bacterial growth curves and viable plate counts for all three bacteria. 

Vivaspin Columns (Sartorius Stedim Biotech, France) with the MWCO of 5000Da were 

used for the fractionation of bacterial CFS into a larger molecular weight fraction (>5000 

kDa) and a smaller molecular weight fraction ( <5000 kDa). Conditions such as 

temperature, time, sample collection/aliquots, and final volume of CFS after 

centrifugation were kept constant to further remove any confounding variables. CFS pH 

was adjusted to 7.0 using 2M NaOH, and filter-sterilized through a 0.2 micron Corning 
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Sterile Syringe Filter and samples were not subjected to freeze-thaw. Optical density was 

measured using a BioMate3 Thermo Spectronic at 600nm. 

Tissue Culture 

The human adenocarcinoma-derived Caco-2 cell line was purchased from 

American Type Culture Collection (ATCC) (Manassas, VA). Caco-2 cells are a widely 

used model of the human intestinal epithelium and capable of enterocytic differentiation 

and tight junction formation, as well as, expression of brush-border enzymes sucrase and 

maltase (Gull et al. 2009). Cells were revived and maintained in EMEM supplemented 

with 20% FBS, 1 % L-glutamine, 1 % NEAA, and 1 % Antibiotic/ Antimycotic solution 

and grown in 100mm tissue culture dishes pre-treated with 0.1 % collagen. 

Brush border Enzyme Assays (Sucrase/Maltase) 

Prior to treatment, cells were changed to a medium containing 1 % FBS. CaCo-2 

cells were treated with the bacterial whole supematants or fractions for 8-days. Cell 

treatments (whole CFS, <5kDa CFS, >5kDa CFS) were categorized as follows: 20% CFS 

(v/v), 20% bacterial growth medium (control)(v/v), and No-treatment. Cells had medium 

and treatments changed every two days. CaCo-2 cells were collected following the 8-day 

treatment period and lysed in PBS (with calcium and magnesium) containing 0.5% Triton 

X-100, 0.35M sodium chloride and EDTA-free protease inhibitors (Roche Diagnostics, 

Indianapolis, IN). Cells were incubated in lysis buffer for 1 hour on ice, followed by 

centrifugation for 10 minutes at 12,000xg at 4°C. Cell lysates were stored in aliquots at -

80°C and used for enzyme assays without being subjected to freeze-thaw. Enzyme 

assays were performed in a 96-well microtiter plate utilizing cell lysates as enzyme. 
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Maltase activity in cell lysates from Caco-2 cells post-treatment was measured at 

pH 7.0 and 37 °C with an Ultra microplate reader using p-nitrophenyl-13-D­

galactopyranoside (PNPG) as substrate. Enzyme activity was reported as the amount of 

p-nitrophenol product formed after al 5 min incubation. 

Sucrase activity in cell lysates from Caco-2 cells post-treatment was analyzed at 

pH 7.0 with an Ultra microplate reader using 4% sucrose as substrate. DNS (3, 5 

Dinitrosalicylic acid) reagent was used to halt reaction. Sucrase activity was reported as 

the amount reducing sugars released from sucrose. 

Enzyme activities were expressed as % control and normalized to total cellular 

protein to yield specific activity. 

Pancreatic Lipase Assay 

Lipase activity was measured kinetically at pH 8.0 and 37 degrees Celsius with a 

Bio-Tek ELx808™ Series Ultra Microplate Reader and using an olive oil emulsion as the 

substrate. The effect of bacterial CFS and fractions was measured using porcine 

pancreatin (Sigma-Aldrich, St. Louis, MO) as the enzyme. Porcine pancreatin extract 

was gently suspended in 0.lM phosphate buffer (pH 8.0) and incubated on ice for 15min 

prior to use. Olive oil emulsions were prepared in 25ml of phosphate buffer (pH 8.0) 

containing 1 % Tween. Olive oil solution was sonicated (3 min) to form the emulsion. 

Whole CFS as well as fractions (<5kDa and >5kDa) of L casei, B. longum and B. 

thetaiotaomicron were utilized to determine effect on lipase activity during reaction. 

Each assay was performed in triplicate and repeated 2-3 times (n=6-9) using LDM-III, 

MRS and BHI as the control. Appropriate substrate and enzyme controls were used. 



After incubation for 30 min at 37 °C, enzyme activity was determined by 

measuring the reduction in turbidity of the olive oil emulsion due to triglyceride 

hydrolysis into :free fatty acids. Activation or inhibition was calculated with respect to 

the values obtained with un-inoculated LDM-III, MRS and BHI broth as control. 

Protein Determination 
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Protein concentration was determined according to the Bio Rad DC method using 

BSA (1-2mg/ml) as reference. 

RESULTS 

Whole supernatants from L. casei increased sucrase activity whereas those from B. 
longum and B. thetaiotaomicron had no net effect on sucrase activity. 

The ability of the selected bacterial strains to affect sucrase activity was 

determined using Caco-2 cell lysates, known to possess brush-border enzyme activity. 

Two representative probiotics and one commensal bacterium; Lactobacillus casei, 

Bifidobacterium longum, and Bacteroides thetaiotaomicron respectively were examined. 

All strains were tested for sucrase activity with respect to control (un-inoculated bacterial 

growth medium). Upon treatment of Caco-2 cells with L. casei CFS, an increase in 

sucrase activity was observed by whole CFS (24% ± 5.76) as well as <5 kDa :fraction 

respectively compared to control (Fig.2. lA, C). L. casei >5 kDa :fraction did not have a 

net effect on sucrase activity (Fig.2. lB). Treatment with CFS :fraction >5kDa :from B. 

longum resulted in an increase in sucrase activity (17% ± 5 .10) as compared to control. 

The whole CFS or <5kDa :fraction of B. longum had no effect on sucrase activity. B. 

thetaiotaomicron did not shown any net effect on sucrase activity (Fig. 2. lA, B, C). 

These data indicate that secreted bioactive factors :from actively growing L. casei exhibit 
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a significant increase in sucrase activity. Increase in sucrase activity in cells treated with 

B. longum was due to the larger molecular fraction only and not with the whole 

supernatant. 
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t ab,c 

24 ¾ ± 5.76 ... ... 

Control LC BL BT 

t 17¾:5.IO ... ... 

Control LC (>5K) BL (>5K) BT (>5K) 

a t 15%±6.8 ... 

Control LC(<5K) BL(<5K) BT(<5K) 

Figure 2.1. : Effect of (A) Whole CFS (B) >5 kDa fraction and (C) <5 
kDa fraction from Lac to bacillus casei (LC), Bifidobacterium longum (BL) 
and Bacteroides thetaiotaomicron (BT) on sucrase activity. Data shown 
are mean ± SEM, n=3 . a=significant difference from control; 
b=significant difference from BT; c=significant difference between LC 
and BL. Caco-2 cells were treated according to Methods for 8 days and 
sucrase activity was measured in cell lysates. 



Whole supernatants from L. casei and B. thetaiotaomicron showed an increase and 
decrease in maltase activity respectively, while those from B. long um did not alter 
maltase activity. 
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The ability of the selected bacterial strains to affect maltase activity was 

determined using Caco-2 cell lysates, known to possess brush-border enzyme activity. 

Two representative probiotics and one commensal bacterium; Lactobacillus casei, 

Bifidobacterium longum, and Bacteroides thetaiotaomicron respectively were examined. 

All strains were tested for maltase activity with respect to control. Once Caco-2 cells 

were treated, a significant increase in maltase activity in response to L. casei was 

observed by whole CFS (38% ± 15.69) as well as both >5 kDa (14% ± 2.76) and <5 kDa 

fractions (21 % ± 4.15) compared to control (Fig.2.2A, B, C). CFS from B longum did 

not show any effect on maltase activity. Whole CFS and the >5kDa fraction of B. 

thetaiotaomicron resulted in a decrease in maltase activity of 17% ± 5.66 and 20% ± 3.83 

respectively compared to control (Fig.2.2A, B). The <5kDa fraction of B. 

thetaiotaomicron did not shown any net effect on maltase activity. These data indicate 

that secreted bioactive factors from L. casei contribute to an increase in maltase activity 

and those from B. thetaiotaomicron decrease maltase activity. The effects of L. casei CFS 

are mediated both by small metabolites as well as larger molecular weight compounds. In 

case of B. thetaiotaomicron, inhibition of maltase activity is primarily due to larger 

molecular weight compounds of molecular weight > 5kDa. 
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Figure 2.2.: Effect of (A) Whole CFS (B) >5 kDa fraction and (C) <5 kDa 
fraction from Lactobacillus casei (LC), Bifidobacterium longum (BL) and 
Bacteroides thetaiotaomicron (BT) on maltase activity. Caco-2 cells were 
treated according to Methods for 8 days and cell lysates were collected to 
be used as enzyme. Data shown are mean ± SEM, n=3 . a=significant 
difference from control; b=significant difference from BT; c=significant 
difference between LC and BL. 



Whole supernatants from B. longum, B. thetaiotaomicron and L. casei increased, 
decreased and had no effect on pancreatic lipase activity respectively 
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The ability of the selected bacterial strains to modulate pancreatic lipase activity 

in vitro was determined kinetically using an olive oil emulsion as the substrate. Two 

representative probiotics and one commensal bacterium; Lactobacillus casei, 

Bifidobacterium longum, and Bacteroides thetaiotaomicron respectively were examined. 

All strains were tested for pancreatic lipase activity with respect to control. Whole CFS 

from B. longum and B. thetaiotaomicron resulted in an increase of 17% ± 1.48 and a 

decrease of22% ± 3.93 in pancreatic lipase activity respectively (Fig.2.3A). No effect on 

pancreatic lipase activity was observed by whole L. casei CFS. The >5kDa fraction 

isolated from both L. casei and B. thetaiotaomicron decreased lipase activity by 44% ± 

8.08) and 16% ± 4.70 respectively compared to control (Fig.2.3B). B. longum >5kDa 

fraction did not indicate any effect on lipase activity. Small bacterial metabolites present 

in <5kDa fractions from all three bacteria did not influence lipase activity (Fig.2.3C). 

These data indicate that the bioactive compound associated with the observed effects on 

lipase activity is of a large molecular weight. 
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Figure 2.3.: Effect of (A) Whole CFS (B) >5 kDa fraction and (C) <5 kDa 
fraction from Lactobacillus casei (LC), Bifidobacterium longum (BL) and 
Bacteroides thetaiotaomicron (BT) on lipase activity. Data shown are mean± 
SEM, n=3. a=significant difference from control; b=significant difference from 
BT; c=significant difference between LC and BL. Whole CFS as well as fractions 
( <5kDa and >5kDa) of L. casei, B. longum and B. thetaiotaomicron were utilized 
to determine effect on lipase activity during reaction. Porcine pancreatin and 
olive oil emulsions were utilized as enzyme and substrate according to Methods. 
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DISCUSSION 

The data presented show that secreted factors from probiotic bacteria L. casei and 

B. longum are able to differentially modulate the activity of maltase, sucrase and 

pancreatic lipase in vitro and may exhibit similar in vivo activity in the small intestine, of 

which L. casei and B. longum are resident members (Booijink et al. 2007). 

Whole supematants from L. casei caused an increase in the activity of both 

disaccharidases investigated in this study, namely maltase and sucrase. Increased maltase 

activity was contributed by both >5 kDa and <5 kDa fractions of L. casei, whereas 

increased sucrase activity was due to the <5kDa fraction. Small molecular weight 

compounds contributing to increases in maltase and sucrase activity with L. casei may be 

short-chain fatty acids such as propionate and butyrate (Martin et al. 2009; Resta 2009) 

present in the CFS as products of bacterial growth and metabolism. Increased maltase and 

sucrase activity may also be due to bacterial effects on PP ARa. activation. Lactobacillus 

sp. has been shown to upregulate PP ARa. (Aronsson et al. 2010), which in tum has been 

shown to play a role in enterocytic differentiation and the activity of brush-border 

enzymes (Yang et al. 2005, Collins and Gibson 1999). Whole supematants from L. casei 

did not exhibit an influence on pancreatic lipase activity, but a strong inhibitory effect 

was interestingly observed due to the large molecular weight :fraction (>5 kDa) when it 

was separated from the small molecular weight fraction. This may be due to the 

separation of the inhibitory compound from a small metabolite that may be preventing its 

action on lipase activity. 

Whole supematants from B. longum had no net effect on maltase or sucrase 

activity, but increased the activity of pancreatic lipase. Similar to the observed effect of 
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L. casei on pancreatic lipase, the large molecular weight fraction(> 5k Da) from B. 

longum caused an increase in sucrase activity when separated from the small metabolite 

fraction. Again, this shows that perhaps a small metabolite may be preventing the 

required interaction of the activating compound with sucrase. Colonization with 

Bifidobacterium sp. has previously been shown to increase sucrase activity in mice by 

promoting enterocyte maturation (Yang et al. 2005). The large-molecular weight 

compounds activating sucrase and maltase may potentially be polyamines such as 

spermine or spermidine that have been shown to be produced by gut bacterial 

fermentation and play a role in small intestine growth and development and thus affect 

intestinal disaccharidases (Kleesen 2005; Yang et al. 2005). 

Activation of pancreatic lipase by B. longum whole supematants but not by its 

fractions suggests that some synergestic action between a large molecular weight 

compound and a small metabolite is required to cause pancreatic lipase activation. 

CFS from the commensal bacterium B. thetaiotaomicron caused a decrease in 

maltase and lipase activity and no change in sucrase activity; decrease in both cases was 

mediated by the >5 kDa fraction. 

Overall, Lactobacillus casei exhibited a greater 'energy-harvesting' ability from 

carbohydrates compared to Bifidobacterium longum and B thetaiotaomicron. This 

study demonstrates that secreted bioactive metabolites present in the CFS from the 

chosen bacterial species differentially modulate enzymes that are necessary in 

carbohydrate and lipid digestion, serving as an additional mechanism for microbe­

mediated effects on caloric extraction from the diet. 
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The human gut microbiome has a vast array of genes encoding for enzymes 

necessary for the degradation and metabolism of numerous sugars, starch and glycans, 

dietary lipids, as well as methanogenesis (Resta 2009; Raoult 2008). For example, gut 

microbes possess a wide array of glucoside hydrolases; processing complex dietary 

carbohydrates into monosaccharides and short-chain fatty acids (SCF As) (Fava et al. 

2006). Other studies have shown that an abundance of certain probiotics in the gut 

resulted in the host production of digestive enzymes including; sucrase, maltase, and 

lipase (Yang et al. 2005; Collins and Gibson 1999). It has also been shown that B. 

thetaiotaomicron colonization promoted the increased expression of the sodium/glucose 

transporter (SGL T-1) within the human mucosal epithelium (Sonnenburg et al. 2005). 

This increased expression was also notable in rats fed a diet high in simple sugars 

(Ogawa 2000). It is well-known that the intestinal flora possesses the capacity to alter 

the differentiation of the intestinal epithelium (Pai 2008). Additionally, it can be 

proposed that the observed increases in the small intestinal enzyme activity are due, in 

part, to bacterial-mediated stabilization and modification in the mucosal morphology 

(Kleesen and Blaut 2005). Studies have shown that the abundance of certain LAB 

increased villus height and crypt depth, thus resulting in the enhanced digestive and 

absorptive capacities of host intestines (Kleesen and Blaut 2005; Yang et al. 2005). 

Previous research has shown that colonization and formation of the normal flora 

within the GI tract results in the augmentation of pancreatic lipase and co-lipase, enzymes 

essential in the hydrolysis of dietary triglycerides (Hooper et al. 2002, Yang and Lowe 

2000). The modulation of the gut microbiota by probiotics is species-dependent and may 

alter different regulatory mechanisms of involved in host energy metabolism (Martin et 
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al. 2009). Numerous studies have provided insight into how the microbial composition 

of the gut is tied to the synthesis and deposition of dietary lipids. Additionally, reports 

have concluded that the presence of selected probiotic bacteria, namely Lactobacillus sp., 

possess the ability to alter fat metabolism within the small intestine (Martin et al. 2007). 

The study disclosed that mice administered the probiotic L. paracasei exhibited lower 

quantities of intermediates in the small intestine necessary in lipogenesis, thus implying 

that LAB mediate intestinal fat metabolism. Ultimately, the gut microbiome 

differentially modulates the degree in which dietary lipids are synthesized and 

subsequently metabolized by the intestines (Martin et al. 2007). 

The lipase data generated in our study implies that the inhibitory and stimulating 

bioactive factors are small proteins, large peptides or polysaccharides. Proteins, being 

amphiphilic, have been shown to inhibit lipase activity by suppressing enzyme adsorption 

and/or competing for interfacial binding to lipid droplets (Armand 2007; Aloulou 2006). 

Particular metabolites secreted by probiotics upon ingestion and transit through the GI 

may possess a proteolytic capacity that could ultimately interfere with the lipolytic 

activity of host digestive lipases (El-Salam et al. 2010). The basis for this proposed 

mechanism is reinforced by the fact that probiotic LAB possess a proteolytic activity 

against proteins in dairy-based functional foods (Ramchandran and Shah 2009; Donkor et 

al. 2007). Paradoxical to our results, a known pancreatic lipase inhibitor, namely 

protamine, is of a small molecular weight and is effective at decreasing post-prandial 

serum triglycerides in vivo (Armand 2007; Byun et al. 1999). It is probable that other 

metabolites present in the CFS of the selected bacteria are temporarily offsetting the 

observed effect on lipase activity. Additionally, the decrease in lipase activity by L. casei 
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and B. thetaiotaomicron may also be acting in a similar fashion to other known lipase 

inhibitors that bind to the lipid-water interface or act as C-terminal domain/co-lipase lures 

(Armand 2007; Aloulou et al. 2006). As for the increase in lipase activity by B. longum 

CFS, it is possible that lipolysis was augmented in a mechanistic fashion similar to 

ALTU-135; a microbial derived lipase and commonly used tool to increase fatty acid 

bioavailability (Armand 2007). 

The results thus suggest that the contribution of an individual's gut-microflora to 

diet-induced obesity may be attributed in part to their effect on the host's digestive 

enzymes in the gut. Considering the varying and opposing effects of the probiotics 

studied, more research is warranted in terms of their effects on metabolic health. This 

includes understanding synergistic effects of pro biotic bacteria, their interaction with 

commensal gut bacteria, as well as host digestive enzymes. Also, considering that the 

effects on enzyme activity vary by the molecular weight of the secreted bioactives 

present in bacterial supematants, targeted health benefits may then be achieved in future 

using a 'postbiotic' or 'pharmabiotic' approach where isolated bioactive ingredients from 

probiotics may be used, rather than whole cells (Shanahan 2009). 



III. CELL-FREE SUPERNATANTS FROM PROBIOTIC BIFIDOBACTERIUM 

LONGUMINCREASE INTESTINAL FIAF LEVELS IN VITRO 

ABSTRACT 

Gut bacterial composition has been shown to differentially modulate fat storage in 

the adipose tissue. The effects of intestinal microbes on fat storage in the adipose are 

mediated by their influence on intestinal expression of a lipoprotein lipase (LPL) 

inhibitor called Fasting Induced Adipocyte Factor (PIAF). The levels of PIAF in turn 

impact LPL activity and LPL-mediated triglyceride hydrolysis, fatty acid uptake and 

triglyceride storage in the adipose tissue. Modulation of PIAF by gut microbes has thus 

been reported as an indicator of their potential in promoting or suppressing adiposity. 

We evaluated the influence of secreted bioactive compounds from representative 

probiotic strains from two different bacterial phyla: (a) Lactobacillus casei (Phylum: 

Firmicutes) and (b) Bifidobacterium longum (Phylum: Actinobacter) on intestinal FIAF 

levels and downstream effects on LPL-activity and triglyceride storage. Secreted 

bioactives from L. casei had no significant influence on PIAF levels, LPL activity or 

triglyceride levels in adipocytes whereas those from B. longum demonstrated potential in 

suppressing adiposity by significantly increasing intracellular and secreted intestinal 

PIAF levels (by 47.16±20.23 and 83.15±17.51 % respectively), decreasing adipocyte 

LPL-activity (by 30.68±9.80 %) and triglyceride levels (by 10.01 %) in vitro. 
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INTRODUCTION 

Initial investigations provided various explanations for the observed contribution 

of the gut microbiome and the progression of adiposity. The increased energy storage is 

mediated, in part, by regulating the expression of fasting-induced adipose factor (FIAF) 

from the intestinal epithelium (Ley 2005) (Fig.3.1). A pioneering study conducted by 

Jeffery Gordon and colleagues indicated that FIAF, a circulating lipoprotein lipase 

inhibitor, is a specific target by which the gut microflora is able to influence diet-induced 

obesity (Backhed 2007). These studies performed in germ-free mice indicated that an 

influx of certain bacterial species within the gut allows for modulation of host gene 

expression including FIAF, affecting fat accumulation in host adipocytes and thus 

promoting obesity (Cani 2009; Backhed 2007). Additionally, germ-free mice lacking the 

FIAF gene are not protected from diet-induced obesity as compared to their germ-free 

littermates still possessing the gene (Wolf and Phil 2006), suggesting that FIAF is a key 

component in gut flora's effects on diet-induced obesity. Selective suppression ofFIAF 

by the intestinal microbiota results in an increased LPL activity, repression of 

peroxisomal proliferator activated receptor coactivator-1 a (PGC-la), and the successive 

deposition of triglycerides in adipocytes (Musso 2010; Ley 2005). FIAF acts as a potent 

signal that stimulates fat mobilization and prevents its deposition, as wel\ as possibly 

improve blood glucose levels (Mandard et al. 2006). With the understanding that FIAF is 

a secreted, circulating protein that is affected by the gut flora, it is probable that FIAF 

exerts its affects distal to its site of production (Kersten et al. 2000). 
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Figure 3.1. Proposed mechanism of gut microbiota-mediated energy storage 

The role of lactic acid bacteria in modulating triglyceride storage in adipocytes 

independent of FIAF has also been conducted. A study performed in rats demonstrated 

that lactic acid bacterium, specifically L. gasseri and L. plantarum, decreased adipose 

weight, growth, and adipocyte size via increased fecal fatty acid excretion, lower 

triglyceride transport, absorption, and lower serum leptin levels (Takemura 201 0; E. M. 

Hamad et al. 2009). 
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Our initial experimental approach was to determine the contribution of selected 

species of gut bacteria to fat storage and adiposity via modulation of FIAF /LPL utilizing 

a human colonic epithelial cell line (HT-29). Expression was studied by examining the 

both intracellular and secreted FIAF protein levels, using Western Blot. Lipoprotein 

lipase (LPL) activity and triglyceride accumulation was examined in 3T3-Ll 

adipocytes.3T3-Ll cells are a well-established model for investigating environmental 

influences on adipocyte biology including differentiation from pre-adipocytes into 

adipocytes, LPL activity, triglyceride storage and FIAF expression (Dutton and Trayhum 

2007; Mandard et al. 2004; Yoon et al. 2000). 
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MATERIALS 

Bacterial CFS preparation 

Bacterial CFS from L. casei, B. longum, and B. thetaiotaomicron were prepared 

as described in Ch. II Methods, except that L. casei was cultured in MRS broth instead of 

LDM-111. 

CFS Size-Fractionation 

Vivaspin Columns (Sartorius Stedim Biotech, France) with the MWCO of 5 kDa 

were used for the fractionation of bacterial CFS into a larger molecular weight fraction 

and a small metabolite fraction. :'.S5 kDa fractions were specifically used for experiments 

with 3T3-Ll cells because only small bacterial metabolites are capable ofreaching this 

target tissue through general blood circulation following absorption into the enterocytes. 

Cell Culture 

Cell lines (HT-29 and 3T3-Ll) were purchased from American Type Culture 

Collection (ATCC) (Manassas, VA). 

Human colon adenocarcinoma cell line HT-29 was maintained in HG-DMEM 

supplemented with 10% FBS, 1 % L-glutamine, 1 % NEAA, and 1 % 

antibiotic/antimycotic solution and grown in T-25 flasks. HT-29 cells were utilized in 

this study due to their ability to possess characteristics of mature enterocytes as well as 

show differential expression levels of PP AR-target genes (Are et al. 2007, Howell 1992). 

Once confluent (90%), HT-29 cells were switched to serum-free DMEM and then 

treated with bacterial cell free supematants (CFS) for 24 hours. Treatment groups were 

categorized as follows: 20% CFS (v/v), 20% bacterial growth medium (control) (v/v), 



50µM PPAR Agonist (WY14643), and No treatment (Cell culture medium only). 

Bacterial CFS was incubated with these cells to investigate the effect of bacterial 

metabolites on FIAF expression. 
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Pre-adipocytes (3T3-Ll) were maintained in DMEM supplemented with 10% 

newborn calf serum (NCS), 1 % L-glutamine, 1 % NEAA, and 1 % antibiotic/antimycotic. 

Once cells reached 48-hours post-confluence (Day O in terms of experiment), 

differentiation was induced by the addition of0.25 µM dexamethasone, 50 mM 3-

isobutyl-1-methylxanthine (IBMX), and 5mg/µl (0.174 mM) insulin in DMEM 

supplemented with 10% FBS, 1 % L-glutamine, 1 %, NEAA, and 1 % 

antibiotic/antimycotic for 96 hours. After differentiation (Day 4), cells were allowed to 

mature in DMEM containing 10% FBS, 1 % L-glutamine, 1 %, NEAA, 1 % 

antibiotic/antimycotic with the addition of 5mg/µl (0.17 4 mM) insulin for 96 hours (Day 

4-Day 8). Cells were then serum-starved prior to treatment. Fully matured adipocytes 

were subjected to :::S5kDa bacterial supernatant fractions. This fraction (:::S5kDa) was 

utilized due to the fact that metabolites of this molecular weight are capable of being 

absorbed into enterocytes and interacting with target host cells (Chae 2005). Same 

treatment groups were used as above, except that the agonist treatment was omitted. 

Conditioned medium from HT-29 cells was collected in phenyl-methyl-sulfonyl­

fluoride (PMSF)-containing tubes and centrifuged at 5500rpm for 5 mins to remove non­

viable cells and debris. Conditioned medium was then transferred to separate tubes and 

followed by a 12.5% TCA precipitation for 2 hours on ice and centrifuged for 15mins @ 

12,000g. Following centrifugation, protein pellets were washed twice with acetone 

(200µ1) and centrifuged for 15mins@ 12,000 g. Pellets were air-dried for 30 min to 



remove acetone and re-suspended in 300 µl of re-hydration buffer containing 0.125M 

Tris and 4% SDS. Protein concentrations in the resulting samples were determined by 

the Bio-Rad DC protein assay (microplate method). 

44 

Cell lysates from HT-29 cells were also collected post treatment. Cells were washed 

twice with cold PBS and detached from T-25 flasks by scraping. Suspended cells were 

pelleted by centrifugation for 2500 rpm for 5min. PBS was then removed and cell pellets 

were lysed on ice for 20 min in 50µ1 of RIPA buffer containing protease inhibitors. 

Lysates were then collected following removal ofun-lysed cells by centrifugation at 

12000 g for lOmin. 

FIAF Western Blot Analysis 

Soluble proteins from supernatant collected via TCA precipitation (12.5%) of 

conditioned medium from HT-29 cells or from cell lysates were separated by SDS-PAGE 

on 10% polyacrylamide gels, and transferred to pre-treated PVDF membranes. 

Membranes were blocked using 5% blotto (Santa Cruz Biotechnology, Santa Cruz, CA) 

dissolve in IX TBS with 0.05% Tween for 2 hours at room temperature and then 

incubated with primary anti-ANGPTL-4 purified goat lgG (1 :500) (R&D systems) in 5% 

blotto/IX TBS with 0.05% Tween overnight (12-15 hours) at 4°C. Secondary antibody 

HRP-conjugated anti-goat IgG (1:1000) (R&D systems) was conducted in 5% blotto/IX 

TBS with 0.05% Tween for 1 hour at room temperature. Blocking as well as antibody 

incubations were followed by washings in IX TBS with 0.05% Tween (4x10min). 

Immuno-reactivity was detected using an enhanced chemiluminescent plus ECL substrate 

kit (PerkinElmer). Secreted FIAF was normalized against Ponceau-S stained total 

protein. For normalization of intracellular FIAF levels, the corresponding membranes 
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were stripped and re-probed with anti-beta-actin antibody and intracellular PIAF levels 

were normalized to the levels ofbeta-actin. Primary mouse monoclonal anti-j3-actin 

antibody (AC15, Sigma-Aldrich, St. Louis, MO) and its corresponding secondary 

antibody, lgG-HRP goat-anti-mouse (Santa Cruz Biotechnology, Santa Cruz, CA) were 

used. Restore PLUS Western Blot Stripping Buffer (Thermo Scientific, Rockford, IL) 

was used to strip membrane of antibodies. Stripping buffer was applied to the membranes 

and allowed to incubate for 10 mins at room temperature. The stripping solution was 

then removed and the membranes washed twice with lX TBST for 5 mins before re­

probing. The intensity of the PIAF bands, beta-actin bands as well as ponceau-stained 

total protein was quantified using GE ImageQuant© TL software. Protein concentration 

was determined according to the Bio Rad DC method using BSA (1-2mg/ml) as 

reference. 

Lipoprotein Lipase (LPL) enzymatic activity in 3T3-Ll cells 

Lipoprotein lipase enzyme assay was performed according to Gonzales and 

Orlando 2007 with modifications. Adipocytes were subjected to two different treatment 

regimens: (1) treatment post- maturation [Day 8-Day 14] (2) treatment beginning at 

induction of differentiation [Day 0-Day 8]. Pre-adipocyte cells were seeded in 6-well 

plates, allowed to differentiate and reach maturation. Following treatments as described 

previously, cells were then washed twice with phosphate buffered saline (PBS), and 

incubated with 200 µg/ml heparin prepared in PBS for 15 min at 25°C. Following 

incubation, the solution containing the heparin-released LPL was collected and 

centrifuged (15,000 x g, 5 min, 4°C) to remove cell debris. The LPL-cqntaining solution 

was diluted 1 :5 and plated in triplicate in 96-well microtiter plates. The substrate PNPB 
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(p-nitrophenyl butyrate, 10 mM) was diluted, per protocol, 1: 10 for a final concentration 

of lmM in cold acetone and added to each well. Absorbance at 405 nm was recorded 

following a 10 minute incubation using a Genesys UV Spectrophotometer. LPL activity 

was reported as the amount of p-nitrophenol product formed over the 10 min incubation 

at 37°C, expressed as a percentage of LPL activity following the control treatment (un­

inoculated MRS). Assays for LPL activity were conducted on Day(s) 0, 8 andlO. 

Triglyceride (TG) accumulation in 3T3-Ll cells 

TG accumulation in cells was monitored by Oil Red-O staining as described 

previously (Vank:oningsloo 2005) with some modifications. Cells were subjected to 

similar treatment regimens as for the measurement of LPL activity. At the end of the 

treatment period, cell monolayers were washed with PBS and then fixed for 1 hour with 

3.7% paraformaldehyde (Sigma) in PBS. Oil red-O (Sigma) was added for 1 hour at room 

temperature and cells were washed with deionized water to remove Oil Red-O debris. 

Isopropanol elution and quantification was conducted on Day(s) 0, 8, and 14. TGs 

accumulation was confirmed by visible lipid-droplet accumulation by phase contrast 

microscopy. Quantitative determination was performed by measuring the absorbance at 

490 nm of the eluted oil-red O stain from the lipid-droplets by isopropanol elution. 

RESULTS 

B. longum increases the levels of secreted intestinal FIAF in vitro 

An imbalance of the two predominate bacterial phyla within the gut (Firmicutes to 

Bacteroidetes) can result in host adiposity; part of which is due to a suppression of 

intestinal FIAF, a key modulator in microbial-regulated energy storage (Tilg et al. 2010, 
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Backhed et al. 2004). Therefore, to determine how certain pro biotic CFS could 

potentially play a role in adiposity, FIAF protein levels were analyzed by western blot. 

Treatment of HT-29 cells with L. casei did not result in a net effect in FIAF protein levels 

compared to control (Fig 3.2.). Cells treated with B. longum resulted in an 83.15%±17.51 

increase in FIAF protein levels (P=0.001) compared to control. Thes_e data indicate that 

CFS from the probiotic B. longum results in a significant increase in FIAF expression in 

vitro, indicating its anti-obesegenic potential. 
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Figure: 3.2 B. longum increases the levels of secreted intestinal FIAF in vitro. HT-29 
cells were treated with bacterial cell-free supematants from Lactobacillus casei (LC) or 
Bifidobacterium longum (BL) for 24 hours and secreted FIAF was detected by 
immunoblotting. Treatment with a PPAR-a agonist WY14643 was used as a positive 
control for induction of FIAF expression. Results are presented as % control, relative to 
treatment with uninoculated bacterial growth medium MRS. * and * * indicate a 
significant difference from control at p<0.05 and p=0.00lrespectively. 



Bioactive compounds of a molecular weight >5 kDa in CFS from B. longum result in 

the greatest increase in secreted FIAF levels 
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For further investigation into the nature of the secreted bioactive factor or 

metabolite responsible for a increase in secreted FIAF protein levels, L. casei and B. 

longum CFS were fractionated into a large molecular weight fraction > 5 kDa and a small 

molecular weight fraction< 5 kDa. HT-29 cells treated with either the >5kDa or <5kDa 

fraction of L. casei CFS resulted in no significant increase in FIAF protein levels 

compared to control (Fig 3.3). Cells treated with either the >5kDa or <5kDa fraction of 

B. longum CFS resulted in a significant increase (P<0.05) in FIAF protein levels by 

137.96%±52.00 and 49.51 %±15.87 respectively compared to control (Fig 3.3). These 

data indicate that the >5kDa fraction from B. longum resulted in the greatest increase in 

FIAF expression in vitro. Additionally, these results signify that the bacterial bioactive 

factor is of a large molecular weight. 
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Figure: 3.3. Bioactive compounds of a molecular weight >5 kDa in CFS from B. longum 
result in the greatest increase in secreted FIAF levels. HT-29 cells were treated with >5 
kDa or <5 kDa fractions of CFS from Lactobacillus casei (LC) or Bifidobacterium 
longum (BL) for 24 hours and secreted FIAF was detected by immunoblotting. Results 
are presented as % control, relative to treatment with similarly fractionated uninoculated 
bacterial growth medium MRS. * indicates a significant difference from control at 
p<0.05. 
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B. longum increases the intracellular levels of intestinal FIAF in vitro 

To investigate whether observed increases in secreted FIAF levels in response to 

B. longum CFS were related to increased intracellular PIAF levels; intracellular PIAF 

levels were also analysed by Western Blot. HT-29 cells treated with L. casei CFS had no 

significant effect on intracellular PIAF protein levels compared to control (Fig 3.4.). 

Cells treated withB. longum CFS resulted in a 47.16%±20.23 increase (P<0.05) in 

intracellular PIAF protein levels compared to control (Fig 3.4.). These data show that 

increased levels of secreted intestinal PIAF are partly due to increased intracellular PIAF 

levels in response to B. longum CFS. 
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Figure: 3.4. B. longum increases the intracellular levels of intestinal PIAF in vitro. HT-
29 cells were treated with bacterial cell-free supematants from Lactobacillus casei (LC) 
or Bifidobacterium longum (BL) for 24 hours and intracellular PIAF in cell lysates was 
detected by immunoblotting. Treatment with a PPAR-a agonist WY14643 was used as a 
positive control for induction of PIAF expression. Results are presented as % control, 
relative to treatment with uninoculated bacterial growth medium MRS. * indicates a 
significant difference from control at p<0.05. 
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Bifidobacterium longum decreases lipoprotein lipase (LPL) activity in 3T3-Ll 
adipocytes 

The adipose tissue is an integral player in the regulation of metabolism due to its 

contribution to energy utilization and fat storage (Gonzales and Orlando 2007). 

Adipocyte hypertrophy is, in part, maintained by the hydrolysis of circulating 

lipoproteins and chylomicrons resulting in the subsequent uptake of extracellular fatty 

acids (Gonzales and Orlando 2007; Zandbergen et al. 2006). Recent research has 

designated that the gut microbial environment possesses the capacity to influence 

adiposity via FIAF; a potent inhibitory protein of LPL (Kersten et al. 2000). In our 

experiments, mature 3T3-Ll adipocytes treated with CFS from the probiotic B. longum 

significantly decreased LPL activity (P<0.05) to 69.32%±9.80 of control (3.5A). Pre­

adipocytes subjected to co-treatment with B. longum CFS during differentiation and 
.~ 

maturation to adipocytes also significantly decreased LPL activity (P<0.05) to 

90.80%±4.72 of control (3.5B). CFS from L. casei did not result in any significant 

alteration in LPL activity in either fully matured or pre-adipocytes as compared to 

control. Our data indicate that bioactive factors present in the CFS of the pro biotic B. 

longum decrease adipocyte LPL activity. 



54 

(A) 110 -0 100 
I.. 90 ..., 
C: * 
0 80 
0 

70 
~ 0 60 ->i 50 ..., 
> 40 ..., 
0 30 cu 

...J 20 
a. 10 ...J 

0 
Control LC BL 

(B) 
110 - * 0 100 

I.. 90 ..., 
C: 
0 80 
0 

70 
~ 0 60 ->i 50 ..., 
> 40 .::; 
0 30 cu 

...J 20 
a. 10 ...J 

0 
Control LC BL 

Figure: 3.5. Bifidobacterium longum decreases lipoprotein lipase (LPL) activity in 3T3-
Ll adipocytes. (A) Differentiated 3T3-Ll cells were treated with cell-free supernatants 
from Lactobacillus casei (LC) or Bifidobacterium longum (BL) for 48 hours, LPL was 
released from the cell-surface by heparin treatment and LPL activity was assayed by 
measuring p-nitrophenol released from p-nitrophenyl butyrate substrate. (B) 3T3-L 1 
preadipocytes were treated with CFS from LC or BL during cell differentiation and 
maturation as described in Methods and LPL activity was measured as in set (A). Results 
are presented as % control, relative to treatment with uninoculated bacterial growth 
medium MRS. * indicates a significant difference with respect to control, at p<0.05. 
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Bijidobacterium longum decreases triglyceride accumulation in 3T3-Ll adipocytes 

Triglyceride deposition and accumulation within various lipid-metabolizing 

tissues is related to different disease states and pathologies 01 ankoningsloo et al. 2005). 

Studies have discussed possible microbial related mechanisms responsible for TG 

accumulation within host adipose tissue, in particular, modulation of lipid metabolism via 

FIAF/LPL (Backhed et al. 2004; Vankoningsloo et al. 2005). 

3T3-Ll cells treated with CFS from B. longum resulted in a significant decrease 

(P<0.05) in TG deposition to 89.99%±5.14 of control (3.6A). Treatment ofpre­

adipocytes with CFS from B. longum during adipocyte differentiation and maturation also 

indicated a significant decrease (P<0.001) in TG deposition to 84.95%±0.70 of control 

(3.6B). The observed effects on TG accumulation were not observed upon treatment 

with CFS from the probiotic L. casei. These data indicate that secreted bioactive factors 

present in the CFS from B. longum results in a noteworthy decrease in TG deposition 

within pre-adipocytes as well as fully matured adipocytes. 
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Figure 3.6: Bifidobacterium longum decreases triglyceride accumulation in 3T3-Ll 
adipocytes. (A) Differentiated 3T3-Ll cells were treated with cell-free supematants from 
Lactobacillus casei (LC) or Bifidobacterium longum (BL) for 6 days and triglyceride 
levels were quantified by Oil-Red O staining of the intracellular lipids. (B) 3T3-Ll 
preadipocytes were treated with CFS from LC or BL during cell differentiation and 
maturation as described in Methods and triglyceride levels were measured as in set (A). 
Results are presented as % control, relative to treatment with uninoculated bacterial 
growth medium MRS. * indicates a significant difference with respect to control, at 
p<0.05 and** at p<0.001. 
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DISCUSSION 

This study was prompted by a several landmark studies from Prof. Jeff Gordon's 

group (University of Washington, St. Louis, MO) showing that (a) mice with gut flora are 

obese in comparison to germ-free mice partly due to suppression of intestinal levels of an 

LPL-inhibitor FIAF by gut microbes; resulting in increased LPL activity and increased 

triglyceride hydrolysis from circulating lipoproteins and increased fatty acid uptake and 

fat storage in the adipose tissue and (b) obese humans have a greater proportion of 

bacteria belonging to the phylum Firmicutes, compared to lean individuals. This led to 

two nutritionally significant questions pertaining to the role of pro biotic bacteria in , 

human health. Commonly used probiotic bacteria in foods and nutritional supplements 

belong to the genus Lactobacillus or Bifidobacterium. While studies have been conducted 

for several decades on the health benefits of pro biotic bacteria in digestive and 

inflammatory disorders, their potential role in metabolic health has only received interest 

in the past few years. We chose to study a representative species from both genera 

Lactobacillus and Bifidobacterium, namely L. casei and B. longum based on their usage 

as probiotic strains in foods and also their presence in the human intestinal tract (Gill et 

al. 2006; Dumas et al. 2006). Interestingly, Lactobacillus sp. belongs to the obesity­

related phylum Firmicutes whereas Bifidobacterium sp. belongs to the phylum 

Actinobacter, with no reported link to obesity. Additionally, a 'bifidogenic' diet in 

infants, promoted by breastfeeding has been related to decreased risk of long-term 

obesity as an adult. Our goal was to therefore conduct a systematic in vitro evaluation of 

the influence of L. casei and B. longum on the novel biomarker of microbe-mediated 



effects on obesity, namely FIAF, as well as downstream effects on LPL activity and 

triglyceride storage. 
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Our results show that although Lactobacillus sp. belongs to the phylum 

Firmicutes, it did not significantly influence FIAF levels, LPL activity or triglyceride 

storage in vitro, suggesting that its use as a probiotic in foods does not pose an increased 

risk of obesity mediated via FIAF. In fact, a recent report has shown that another closely 

related strain of Lactobacillus (Lactobacillus paracasei) in fact increased FIAF levels and 

decreased fat storage in mice (Aronsson et al. 2010). It is thus likely that other bacterial 

species such as Clostridium sp. which is the predominant member ofFirmicutes may be 

contributing to an obese phenotype rather than Lactobacillus sp. 

Although Bifidobacterium sp. has been correlated with low risk of obesity, such 

as in breast-fed infants, the mechanisms behind this observation have not been very well 

understood. In light of the role ofFIAF in microbe mediated obesity and our results 

showing an increase in both intracellular as well as secreted FIAF upon treatment with 

CFS from B longum, this could be a contributing mechanism to the anti-obesity effects 

of Bifidobacterium. Another recent study showed an ability of Bifidobacterium breve 

Strain B-3 (Kondo et al. 2010) in suppressing high-fat diet induced obesity in mice by 

increasing intestinal FIAF gene-expression. 

We have indicated that the increase in intestinal FIAF protein levels by B. longum 

metabolites is primarily contributed to a large molecular weight molecule (>5kDa). These 

results suggest that the active metabolite is possibly a large peptide, protein, nucleic acid, 

and/or polysaccharide. Our study also examined intracellular FIAF and it was discovered 
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that active factors present in the CFS from the probiotic B. longum significantly increased 

intracellular FIAF protein levels. This suggests that increased levels of secreted FIAF are 

due to increased transcription and translation of the FIAF gene in HT-29 cells. However, 

the observed increase in secreted FIAF levels is much greater than increase in 

intracellular FIAF levels, suggesting additional mechanisms may be involved such as 

decreased post-translational degradation or increased trafficking to the cell-surface. 

Secreted FIAF was visible as two distinct bands of approximately 50 kDa and 37 

kDa, the lower molecular weight truncated form has primarily been shown to be present 

in secreted FIAF from various tissues (Koster et al. 2005; Dutton et al. 2007; Zandbergen 

et al. 2006) and generated by post-translational proteolytic cleavage. The 37 kDa band 

was not observed in intracellular FIAF, exhibiting a single band of roughly 50 kDa. 

Although the levels of both the 50 kDa band and the cleaved 37 kDa band were increased 

in response to PPAR-agonist WY14643 and B. longum CFS, the cleavage itself is not 

required for LPL-inhibitory activity. Therefore, total FIAF levels including both bands 

were considered when evaluating the influence of bacterial CFS on FIAF. Interestingly, 

the >5 kDa fraction ofB. longum CFS primarily increased the levels of the 37 kDa band 

whereas the< 5 kDa fraction primarily increased the levels of the 50 kDa band with 

respect to control. 

To confirm the specificity of the bands observed on western blots, we also tested 

TCA precipitates from bacterial cell-free supematants as such as well as TCA precipitates 

from the cell culture medium used for treatments and neither resulted in 

immunoreactivity with the FIAF-antibody (data not shown). 



60 

The < Sk:Da fraction of B. longum CFS was tested for effects on LPL activity and 

triglyceride deposition using two separate experimental designs: treatment with CFS 

post-maturation and treatment with CFS during adipocyte differentiation and maturation. 

Both scenarios resulted in LPL-inhibition and decreased triglyceride accumulation; 

however the suppression of triglyceride accumulation was greater when treatment was 

conducted during differentiation and maturation. This does not seem to depend solely on 

LPL-activity as greater LPL-inhibition was observed when treatments were conducted 

post-adipocyte maturation. This indicates that bacterial metabolites may be influencing 

triglyceride accumulation through PP AR-mediated effects on cell differentiation and 

maturation additional to FIAF /LPL mediated events. Although these results are 

preliminary and need to be confirmed in vivo, they may also suggest that probiotics such 

as B. longum may impart superior anti-obesity effects when administered earlier in the 

life-cycle such as during infancy and childhood rather than when administered as adults. 

This is supported by evidence from another study in mice has shown that consumption of 

milk fermented with probiotic Lactobacillus gasseri SBT2055 (E. M. Hamad et al. 2009) 

may reduce adipose mass and adipocyte hypertrophy in lean mice but unable to do so in 

mice with pre-existing obesity. 

In conclusion, the results from our study suggest that secreted bioactive 

compounds from the probiotic B. longum may assist in the prevention and management 

of diet-induced obesity by increasing intestinal FIAF levels, decreasing adipocyte LPL 

activity and fat storage in the adipocytes. Ours is one of the first few studies to report the 

species-specific effects of probiotics on adiposity that are mediated by FIAF. 



IV. GENERAL DISCUSSION AND FUTURE DIRECTIONS 

The normal human microflora influences various physiological, metabolic, and 

immunological functions throughout the body. A number of studies have revealed the 

role that the enteric microflora plays in human nutrition and disease (Fig. 4.1). The 

microflora is necessary for many digestive and metabolic functions that humans alone 

cannot perform, thus their involvement to energy homeostasis and disease is attracting 

much attention (Tilg et al. 2009; Ley et al. 2005). Only recently has it been recognized 

that the microbial ecology within the intestines significantly affects dietary energy 

harvest, metabolism, epithelial function and integrity, as well as the progression of 

various metabolic diseases including obesity (Musso et al. 201 O; Turnbaugh and Gordon 

2009; Cani et al. 2008). 
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Figure 4.1: Possible relationships between gut microflora and human metabolism 
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Aside from the mechanisms listed above (Figure 4.1 ), yet another mechanism of 

action of gut microflora that may contribute to their role in obesity is their influence on 

digestive enzymes in the small intestine. Interestingly, only minimal investigative reports 

have revealed the microbial contribution to intestinal digestive activities within the gut 

and this has not been studied in the context of obesity. Human small intestine has a 

significant bacterial population and it is certainly plausible that these bacteria will impact 

host digestive enzymes either to divert diet-derived nutrients towards bacterial needs or 

as a physiological response to changes in the environment due to products of bacterial 

metabolism. The results of our study show that CFS from a probiotic Lactobacillus casei 

were able to increase the activity of intestinal brush border enzymes sucrase and maltase 
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and decrease the activity of pancreatic lipase, mediated by secreted bacterial components 

of varying molecular weights. CFS from another probiotic Bifidobacterium longum 

increased sucrase activity. CFS from a commensal bacterium Bacteroidetes 

thetaiotaomicron on the other hand decreased maltase and pancreatic lipase activity. This 

indicates that various species of gut microflora are capable of differentially modulating 

host digestive capabilities as a factor of not just bacterial enzymes but via impacting host 

enzyme activity. Another group has recently reported that in a gnotobiotic zebrafish 

model, gut microflora is able to influence host phospholipase and protease activity 

(Semova and Rawls 2010). This indicates that human gut flora can influence energy 

harvest by modulating host macronutrient digestion ( carbohydrates, lipids and proteins). 

It remains to be seen what the net effect of this mechanism of energy harvest is on dietary 

caloric extraction and obesity. In future, our work in this area will focus on 

characterization of the secreted bioactives mediating host enzyme activity, initially based 

on molecular weight followed by identification via HPLC and MS. Some initial 

techniques we could employ in order to determine the compound(s) exhibiting these 

effects could be by subjecting our treatments to high heat, altering pH conditions, or the 

addition of a protease. Studies have shown that it is possible to solubilize proteins, lipids, 

and polysaccharides in the CFS from certain LAB by ammonium sulfate precipitation 

(proteins), cold enthanol extraction (polysaccharides) adsorption-desorption, and organic 

solvent extraction (lipids) (Kim et al. 2008; Pingitore et al. 2007). Another possible 

approach to further identify the compound increasing enzyme activity is to conduct our 

treatments using purified SCF As instead of CFS. Studies have shown that SCF A 

treatments retain their effects regardless of pH adjustment to neutral, thus implicating that 
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the generated SCP A by our probiotics strains retain their integrity (Kwon and Ricke 

1998). A recent study has shown that certain probiotics Lactobacilli sp. promote the 

increased expression of SGL T-1 and thus increase glucose uptake within the enterocytes 

(Rooj et al. 2010). These reports reinforce the idea ofbacterial-probiotic cross-talk and 

their implication in host nutritional status, as well as their influences on enterocyte 

physiology. Therefore, we also hope to examine synergistic effects ofprobiotics and 

commensals in a co-culture system and influences on nutrient transporters in the gut. 

Also, we aim to further investigate the mode of enzyme activity regulation 

(transcriptional, post-transcriptional or post-translational). 

The second part of our study focused on the ability of specific bacteria to 

influence energy-storage, specifically adipose fat deposition. We found that although the 

common probiotic Lactobacillus casei belongs to the phylum Firmicutes that has been 

reported to be enriched in obese individuals, it did not impact triglyceride storage in 

adipocytes, neither did it influence PIAF, a protein regulating LPL activity and ultimately 

triglyceride deposition in the adipose tissue. There have been some reports in literature 

about possible pro-obesity effects ofLactobacillus sp., as it has been used to promote 

higher body weight in farm animals (Armougom et al. 2009; Roault 2008) and has been 

found in higher numbers in feces of obese subjects (Armougom et al. 2009). However, 

these findings have currently not been accepted by the scientific community as a direct 

mechanistic role ofLactobacillus in obesity has not been demonstrated but only an 

indirect association shown. While increased disaccharidase activity in our studies may 

hint towards an obesogenic effect, decrease in pancreatic lipase activity will likely offset 

any net potential gain in energy. Moreover, in the complex gut ecosystem with thousands 
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of bacterial species and a dynamic flux of nutrients, individual species contributions 

while important, are hard to pinpoint. Nevertheless, considering that probiotic 

supplementation introduces a specific bacterial species into the gut at artificially high 

amounts, their effects on metabolism may be significant enough to warrant species­

specific investigations aimed at understanding mechanisms of action and discovery of 

novel bioactive agents. For example, the other probiotic species investigated in our study, 

Bifidobacterium longum was able to significantly reduce triglyceride deposition in vitro, 

associated with increased FIAF and decreased LPL activity. However, a more in-depth 

examination of this effect is needed, as a decreased LPL may be involved in 

cardiovascular disease risk. Future studies in our lab will focus on identifying the 

secreted bioactive factor from B longum that up-regulates FIAF protein levels. Secondly, 

we aim to confirm influences of B. longum on triglyceride deposition in vivo, using the 

C. elegans as a model system, as it has been reported as a promising emerging model of 

obesity due to highly conserved and homologous energy metabolism pathways similar to 

humans. 

The differential effects of the two probiotic strains examined in this thesis on 

dietary energy harvest and energy storage along with differences in bioactivity observed 

by the large and small molecular weight compounds present in the bacterial cell-free 

supematants, it is possible that in future, probiotic-derived bioactives may be used as 

isolated compounds with targeted health benefits ('postbiotics'), rather than as live 

organisms which may be subject to greater biological variability, environmental 

susceptibility and unpredictability based on an individual's resident microbiome and 

genotype (Neish 2009; Kataria et al. 2009). In light of the potential of beneficial microbes 



66 

in influencing metabolic disease, the time is ripe for mining microbes as a source of novel 

bioactives for prophylactic or therapeutic application ('pharmabiotics'). 
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