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Abstract 
Dysbiosis of the gut microbiota has been implicated in the progression and 

severity of a number of disorders, including cardiovascular disease. Probiotics 

offer a means to positively manipulate the gut microbiota and can improve 

cardiovascular risk factors, like hypertension and hypercholesterolemia. Research 

investigating the effects of probiotic supplementation in the context of cardiac 

injury is limited. Furthermore, the mechanism by which probiotics impart benefits 

and where these benefits are incurred in the GI tract is not well elucidated. 

The aims of this thesis were to investigate the effects of probiotic 

supplementation in the context of cardiac injury and better understand probiotic 

localization following administration. In the first study, LDLr KO and wild-type 

mice were administered Lactobacillus reuteri for 5-6 weeks before initiation of 

an ischemia/reperfusion protocol. In the second study, transit and localization of 

the probiotic, Bifidobacterium animalis subspecies lactis 420 (B420), were 

monitored in the GI tract following single and consecutive administrations. 

Results of the first study show that supplementation with L. reuteri 

significantly attenuates cardiac damage following myocardial infarction. The 

second study found that B420 presence in the GI tract was lost rapidly following 

cessation of treatment. Together, these results show that probiotic 

supplementation may offer an alternative therapy for improving cardiac health 

and that continuous treatment is necessary for probiotics to impart their beneficial 

effects. 
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Chapter 1: Introduction 
 The goal of this introduction section is to give a brief overview of the 

literature, covering the effects of diet and probiotic supplementation on the gut 

microbiota and subsequent systemic effects. The research described in this thesis 

investigates the effects of probiotic supplementation on cholesterol levels, cardiac 

damage following an ischemia/reperfusion injury, and colonization of the 

gastrointestinal tract. To fully explain the rationale behind our study, I have 

summarized results from selected literature in hopes of connecting research from 

areas of the gut microbiota, systemic inflammation, and cardiac damage.  

 

General Background 

Despite the seemingly recent rise in popularity, probiotics have a 

relatively long history in human health research. Defined as microorganisms that 

confer health benefits to the host when ingested in adequate amounts (1. Sanders 

2008), the earliest probiotic studies date back to the 1920s (2. Rettger 1922). 

However, it was not until the middle part of the 20th century that research on 

probiotics and the normal gut flora began to appear (3. Mcfarland 2015). The 

normal gut flora, or gut microbiota, includes trillions of microorganisms that 

symbiotically inhabit the human intestinal tract. The gut microbial population 

interacts with host metabolism on many levels, including metabolism of 

polysaccharides, bile acids, and drugs, as well as production of amino acids, 

vitamins, and short-chain fatty acids (4. Qin 2010, 5. Nicholson 2003, 6. 

Nicholson 2012, 7. Tremaroli 2012). Due to these extensive interactions, the gut 
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microbiota has become an increasingly common target for research and 

therapeutics.   

The majority of the gut microbiota is housed in the large intestine, with 

smaller, but not insignificant amounts throughout the rest of the GI tract (8. 

Jandhyala 2015).  Considering the proximity of gut microbiota to the intestinal 

tract, the microbiota is often implicated in disorders of the GI tract (9. Ringel 

2012). Therefore, past uses of probiotic supplementation have generally focused 

on improving gastrointestinal disorders, such as irritable bowel syndrome, 

inflammatory bowel disorder, and diarrhea (9. Ringel 2012). However, as we 

have become increasingly aware of the importance of the gut microbiota in other 

aspects of health, the number of uses for probiotics has grown accordingly.   

 

The Gut Microbiota and Immune System  

One of the most well researched areas of the gut microbiota is the 

interaction between the gut microbiota and the host via the intestinal immune 

system. The intestinal immune system is the largest component of the human 

immune system, responsible for monitoring the 300-400 m2 of surface area that 

comprises the GI tract (10. Schenk 2008). Composed of intraepithelial 

lymphocytes, Peyer’s Patches, isolated lymphoid follicles, and mesenteric lymph 

nodes, the intestinal immune system is a subset of the mucosal immune system 

(11. Mowat 2003). Due to near constant exposure to food and drink, the intestinal 

immune system is subjected to more antigen than any other part of the body (12. 

Mowat 1997). Furthermore, the intestinal immune system is constantly exposed to 
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the trillions of commensal microorganisms that reside in the intestinal tract (13. 

Macpherson 2004). Given its size and surrounding environment the intestinal 

immune system must strike a delicate balance; recognize and respond to 

pathogenic microorganisms, while correctly identifying and tolerating commensal 

bacteria and non-harmful antigen. 

Considering its connection with the gut microbiota, it is not surprising that 

both the development and functionality of the immune system are affected by the 

gut microbiota. Germ-free mice (mice born into a sterile environment who lack a 

resident gut microbiota) present with enlarged sections of the GI tract, particularly 

the cecum (14. Savage 1968, 15. Reikvam 2011, 16. Furusawa 2013). They show 

a decrease in size and number of Peyer’s patches and germinal centers, as well as 

other intestinal lymphatic tissues (17. Round 2009, 15. Reikvam 2011, 18. Smith 

2007). Also seen in germ-free mice are altered lymphocyte populations in gut-

associated lymphatic tissue (GALT), with germ-free mice producing decreased 

numbers of CD8+, CD4+, and Regulatory T cells (CD4+CD25+ T cells or Treg 

cells) (19. Östman, 2006; 17. Round 2009). These structural changes result in 

germ-free mice having increased susceptibility to infection, when compared to 

conventionally raised mice (20. Inagaki, 1996; 21. Fukuda 2011; 22. Kamada 

2013). 

The development of germ-free mice has also given researchers the ability 

to more directly determine the effects of specific bacterial species on the immune 

system. Due to lack of resident microbiota and a sterile environment, the gut of 

germ-free mice can be selectively colonized with chosen bacteria. One of the 
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seminal papers on the topic (23. Mazmanian 2005) found that colonization of 

germ-free mice with Bacteriodes fragilis corrected defects in T cell development 

and differentiation. More recent research has confirmed these findings and it has 

since been shown that supplementation with commensal or probiotic bacteria can 

affect many aspects of the immune system, including cytokine production, cell 

production and differentiation (24. Forsythe 2010). Overall, these findings had 

broad implications for the use of probiotics and manipulation of the gut 

microbiota to treat disorders that are exacerbated by inflammation.  

 

Manipulation of the Gut Microbiota 

An important characteristic of the gut microbiota for research and 

therapeutic purposes is that the microbiota is highly variable and able to be 

manipulated. Age, genetics, environment, drugs, supplements, health, and diet, 

among other things, affect the demographics of the microbiota (25. Huttenhower 

2012, 26. Louzpone 2012, 27. Turnbaugh 2008). Changes in diet or initiation of 

probiotic supplementation can induce rapid shifts in the demographics of the 

microbiota, as well as alter expression of enzymes present in the microbiota (28. 

Mcnulty 2011, 29. Wu 2011). Importantly, this allows for a change in the 

functionality of the microbiota, which may alter production of the bioactive 

compounds that interact with our own organ systems. 

Of the changes seen during probiotic supplementation, one of the most 

relevant for immune function is the change in expression of enzymes used in 

metabolism of plant polysaccharides and production of short-chain fatty acids 
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(SCFAs) (28. Mcnulty 2011). Many enzymes required for metabolism of plant 

polysaccharides are not present in the human GI tract but are carried by 

commensal bacteria (4. Qin 2010). Commensal bacteria offer a singular ability in 

the human body to metabolize fiber and produce SCFAs. These SCFAs include 

butyrate, acetate, and propionate and are known to have bioactive properties (30. 

Tan 2014). Amongst their capacities, SCFAs have a unique ability to affect T cell 

development, particularly that of T regulatory cells (Treg). Butyrate, specifically, 

stimulates differentiation of CD4+ T cells into Treg cells in vitro, in the colon, and 

peripherally in mouse models (16. Furusawa 2013, 31. Arpaia 2013).  

Treg cells are key regulators in maintaining self-tolerance, preventing 

autoimmune disorders, and suppressing chronic inflammation. (32. Vignali 2008, 

33. Feuerer 2009). In relation to our research, Treg cells also play a key role in the 

healing process following myocardial infarction (MI). Treg cells are early 

responders to MI induced damage (34. Hoffman 2012) and multiple studies have 

shown that Treg cells decrease the size of the inflammatory response and attenuate 

left-ventricular damage post-MI (35. Matsumoto 2011, 36. Tang 2011). Tregs 

appear to do this by hastening the transition from inflammatory to reparative 

phase post-MI through the modulation of monocyte/macrophage differentiation 

(37. Weirather 2014). This connection between the gut microbiota, Treg cells, and 

MI is of interest to our lab and will be more thoroughly discussed later in this 

thesis.  
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Probiotics and Myocardial Infarction 

With the connection between the gut microbiota and immune system in 

mind, the effects of probiotics on cardiovascular disease (CVD) has become a 

common area of research. CVD remains the leading cause of death in the United 

States (38. Benjamin 2018), with inflammation playing an integral role in the 

progression and initiation of thrombotic events like myocardial infarction (MI) 

and stroke (39. Hansson 2006). Unsurprisingly, there is evidence that the gut 

microbiota can exhibit either a positive or negative influence on CVD. The 

majority of research has investigated the ability of the gut to affect risk factors for 

MI, such as hypertension, atherosclerosis, and inflammation (40. Yang 2015; 41. 

Karlsson 2012; 42. Maslowski 2009). However, others have focused on 

manipulating the gut microbiota to reduce fibrosis and improve cardiac 

remodeling post-MI.  

Cardiac remodeling post-MI is a complex, coordinated inflammatory 

response that requires input of both the innate and adaptive immune systems to 

induce the release of cytokines and recruitment of inflammatory leukocytes (43. 

Liu 2016). The subsequent inflammatory and reparative processes are not uniform 

and can be adversely affected by excessive inflammation (44. Nahrendorf 2007). 

Consequently, conditions that support excessive inflammation (eg: obesity, 

hypertension, gut dysbiosis) can intensify damage following ischemia/reperfusion 

injury (45. Zuidema 2010). Given this, manipulation of the gut microbiota has 

become an area of interest in relation to its effects on cardiac damage post-MI 
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Research in this area has shown that supplementation with probiotics 

(Lactobacillus rhamnosus GR-1 and a Lactobacillus plantarum/Bifidobacterium 

lactis combination, respectively) can reduce MI size and improve left ventricular 

function parameters in ischemia/reperfusion models (46. Gan 2014, 47. Lam 

2012). Interestingly, in the former study (47. Lam 2012) treatment with 

vancomycin, a broad-spectrum antibiotic, also decreased infarct size in a manner 

similar to what was seen in probiotic treated rats. This suggests that disruption of 

harmful gut microbiota may be of similar importance as promotion of healthy gut 

bacteria. Regardless, these results support a strong role for the gut microbiota and 

gut-derived metabolites in determining cardiac function following MI. However, 

neither study determined a distinct mechanism for the cardioprotective effect 

(both suggested a role for decreased circulating leptin levels) produced by the gut-

microbiota. 

In a similar manner, our lab has shown that long- (28 days) or short-term 

administration (10 days) of a probiotic, Bifidobacterium animalis subspecies 

lactis 420 (B420), mitigates left ventricular damage following an 

ischemia/reperfusion protocol (48. Danilo 2017). More specifically, our lab 

showed that a partial depletion of Treg cells via an anti-CD25 monoclonal 

antibody eliminated the decrease in infarct size, implicating Treg cells as necessary 

in mediating cardio-protection. Treg cells of mice treated with B420 were also 

found to have increased histone acetylation, suggesting increased Treg activity. 

Lastly, the study found a decrease in pro-inflammatory cytokines and increase in 

reparative, M2 macrophages in B420 treated hearts. Given our results, and 
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literature reviewed earlier, this suggests a possible immunomodulatory role of 

B420 and the gut microbiota in offering cardio-protection post-MI. 

 

Lactabacillus reuteri 

Lactobacillus reuteri is gram-positive bacteria that is commensal to the GI 

tract of both humans and mice (49. Livingston 2009, 50. Hou 2015). L. reuteri is 

also a well-studied probiotic with anti-inflammatory effects locally (51. Hsieh 

2013, 52. Gao 2015) and systemically, reducing high-sensitivity C-reactive 

protein in a clinical trial (53. Jones 2012). Studies have shown mixed evidence of 

weight control, with strain specificity being a possible factor (54. Million 2012; 

55. Fak 2012, 56. Huang 2015, 57. Qiao 2015). Along with many other reported 

benefits, L. reuteri is best researched for carrying bile salt hydrolase activity (58. 

Taranto 1997, 59. Taranto 1999).  

Bile acids, produced by the liver, function as emulsifiers to enable 

absorption of fat and fat-soluble vitamins. The majority of bile acids (~95%) are 

reabsorbed by the time they reach the distal ileum and are recycled via the liver 

(60. Chiang 2013). Bile salt hydrolases break down bile acids into deconjugated 

bile acids, which are less efficiently reabsorbed than conjugated bile acids (61. 

Begley 2006). Theoretically, this leads to an increase in bile acid excretion in the 

feces, and consequentially a lowering of total cholesterol in the body. This effect 

is well-studied and lowering of total cholesterol with L. reuteri supplementation 

has been observed in rodent studies at varying levels of effectiveness (56. Huang 

2015, 62. Taranto 1998). Along with research in animal models, supplementation 
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with L. reuteri for 4 weeks altered bile acid metabolism and decreased total serum 

cholesterol levels in clinical trials with hypercholesterolemic subjects (63. 

Martoni 2015, 64. Jones 2012). 

The anti-inflammatory and cholesterol-lowering properties of L. reuteri 

make the probiotic a good candidate for cardiovascular and liver research. A 

number of studies show strong effects of L. reuteri supplementation on liver 

function. These effects include reductions in hepatic steatosis, hepatic weight, and 

differential expression of enzymes involved in hepatic inflammation and fatty 

acid metabolism (65. Hsu 2017, 51. Hsieh 2013, 55. Fak 2012). Cardiovascular 

research remains limited, however. Outside of the previously mentioned 

cholesterol-lowering trials, only one previous study (66. Ting 2015) investigated 

the effects of L. reuteri on the heart. In that study, researchers found that L. 

reuteri treatment reduced high-fat diet-induced cardiac fibrosis through TGF-beta 

expression. 

Despite the long list of reported benefits of L. reuteri supplementation, it 

can be difficult to compare results across studies. There is a high level of 

heterogeneity in strain of L. reuteri administered, dose at which it was 

administered, and dietary model. Doses used have varied from as low as 104 

viable cells/day to 109 CFU/day (62. Taranto 1998, 55. Fak 2012). Studies have 

used both viable, culture grown and heat-killed L. reuteri. Most models have you 

used various combinations of high fat, high-fructose, or high cholesterol diets, 

which may not always be physiologically relevant. These factors have made it 

difficult to draw broad conclusions on L. reuteri supplementation and likely 
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contribute to the discrepancies seen in the effectiveness of L. reuteri 

supplementation. Regardless, in animal and human models L. reuteri has shown 

promise for therapeutic use and warrants further research in to possible effects on 

cardiac health. 

  

Probiotic Transit  

The GI tract is a large and environmentally heterogeneous organ system. 

In humans, the GI tract stretches well-over 20 meters in length and the intestinal 

surface area is over 100 times greater than body surface area (67. Desesso 2001). 

Along with this size, the GI tract is home to a number of unique habitats. Due to 

changing physiological needs, portions of the small and large intestines differ 

significantly in pH, bile acid concentration, and oxygen content (Figure 1.1) (68. 

Donaldson 2015). These conditions, along with available fuel sources, determine 

the amount and type of bacteria that colonize a given section of the GI tract. 

Considering this, certain probiotic strains may be preferentially equipped to 

survive and act in specific regions of the GI tract. Thus, to understand the 

mechanism by which probiotics impart benefits, we must also understand where 

these benefits are incurred. Probiotic colonization, localization, and length of stay 

in the GI tract are all issues that have important implications for determining this 

mechanism of action and the ability to use probiotics therapeutically.   
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Figure 1.1: Microbial Environments in the GI Tract: Adapted from Donaldson 

et al. Nature Reviews Microbiology. 2015. 
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One of the first issues that arises with probiotic supplementation is the 

ability to maintain viability. The stomach is a highly acidic environment (pH~2) 

and bile acids, which have the ability to lyse some bacteria, are present 

throughout the length of the intestinal tract. It has been estimated that only 20-

40% of probiotics survive the gastric environment and reach the lower intestinal 

tract (69. Bezkorovainy 2001). This number is variable and viability is modified 

by mode of administration (food, capsule, or other formulations may improve 

viability) (70. Govender 2013). Furthermore, bacterial species differ in their 

ability to remain viable in the gut. Commensal bacteria appear to be particularly 

well-suited for surviving digestion, as they have developed some tolerance to the 

effects of bile acids (71. Bhardwaj 2010, 69. Bezkorovainy 2001).  

 Given that a sufficient amount of probiotic survives the digestive process, 

the next question becomes how long does the probiotic stay in the GI tract. 

Studies have shown that presence of probiotics is detectable in the feces during 

the time frame of consumption (72. Firmesse 2007, 73. Satokari 2001 74. 

Gerritsen 2011). However, probiotic presence appears to be transient, with 

detection falling rapidly following discontinuation of treatment (75. Smith 2011, 

76. Sanders 2011). However, most of these studies are limited to fecal samples 

and may not provide a full picture of probiotic presence in the GI tract. In fact, 

one study (77. Alander 2001) has shown that a probiotic, Lactobacillus 

rhamnosus GG, remained detectable in colon biopsies after detection was lost in 

fecal samples.  



	 22	

 The suggestion from previous findings is that the probiotic may adhere or 

colonize the colon or other regions of the GI tract. In-vitro studies show that 

probiotics adhere to intestinal epithelial-like Caco-2 cells and colonize in a co-

culture environment (69. Bezkorovainy 2001, 78. Bernet 1993). However, cell-

culture models do not replicate strain competition present in commensal bacteria 

or the micro-environments specific to subsets of the GI tract. Thus, it becomes 

necessary to utilize animal models to test possible adherence or localization of a 

probiotic. Previous work has shown permanent colonization is possible, however 

these models utilized germ-free or antibiotic treated mice (79. Tannock 1988, 80. 

Romond 1997). Research on the effects of probiotic supplementation the entirety 

of the GI tract with an unaltered gut flora is limited.     

As noted, probiotics research has generally focused on bacterial 

communities in the large intestine or feces. However, recent studies illustrated 

that the microbiota and microbiota-derived metabolites can impact a number of 

metabolic processes, including nutrient sensing and glucose regulation, in the 

small intestine (81. Bauer 2017, 82. Bauer 2018, 83. Zadeh-Tahmasebi 2016). 

Bacteria in the small-intestine are known to robustly express transcripts for 

carbohydrate metabolism (84. Zoetendal 2012) and live in close proximity to 

lymphatic tissue (85. Fung 2014). Therefore, small intestinal microbiota may be 

of importance in our research and should be considered when studying 

colonization and localization. 

 Issues of colonization, adherence, and localization are also important 

factors to consider if a probiotic is to be used therapeutically. Colonization and 
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adherence will affect the dose, how often, and how long the probiotic needs to be 

administered. Given the assortment of micro-environments in the GI tract, 

different probiotics may be better suited for use at different regions of the gut. 

Consequently, determining localization of specific probiotics could offer more 

targeted treatment strategies.  

Overall, greater knowledge of probiotic transit and localization in the GI 

tract could bear importance for understanding the actions of probiotics and how to 

better employ probiotics as therapeutics. Past research suggests that colonization 

is transient, but this generally relies on fecal or colonic samples. Further 

investigation into the effects of supplementation on both the small and large 

intestine could prove useful, especially considering the growing importance of the 

upper-intestinal microbiota.  
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Specific Aims and Objectives 

With this review of the literature in mind, we sought to further investigate 

the effects of probiotic supplementation on critical physiological processes 

necessary for cardiac health and gut colonization. First, we wished to determine 

effects of L. reuteri supplementation on cholesterol levels and cardiac damage in 

an ischemia/reperfusion model. Secondly, we sought to track transit of the 

probiotic, B420, through the intestinal track following two different dosing 

strategies. While separate projects, insights to the transit of B420 will aid in 

understanding the mechanism by which probiotics exert their effect and inform 

future research projects. Our research questions for the studies were as follows: 

L. reuteri Supplementation 

1) How will supplementation with Lactobacillus reuteri affect cardiac damage in 

low-density lipoprotein (LDL) receptor knockout (LDLr KO) and wild type 

mice in an ischemia/reperfusion model?  

The primary aim of our study was to determine if L. reuteri supplementation 

had an effect on cardiac damage. Past work in our lab had shown that 

supplementation with another probiotic, B420, offered a cardio-protective effect 

in mice subjected to an ischemia/reperfusion protocol (48. Danilo 2017). Due to 

the reported anti-inflammatory effects of L. reuteri covered earlier, we thought L. 

reuteri may offer similar protection. Therefore, we hypothesized that L. reuteri 

pre-treatment would decrease infarct size in LDLr KO and wild type mice. 

Results would not only allow us to determine the cardio-protective effects of L. 
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reuteri, but also help discern if the cardio-protective effect of B420 was strain 

specific or a product of a more general manipulation of the gut microbiota. 

2) How will L. reuteri supplementation affect serum cholesterol levels in wild 

type and LDLr KO mice? 

 As a secondary aim, we wished to determine the effects of L. reuteri on 

serum cholesterol levels in wild type and LDLr KO mice. LDLr KO mice have a 

homozygous mutation on LDL receptor genes and lack function LDL receptors, 

which leads to elevated LDL and total cholesterol levels. Total cholesterol in 

these mice ranges from 200-400 mg/dl on a normal chow diet, to upwards of 2000 

mg/dl on a high fat diet. Given the elevated cholesterol levels on low fat diets, 

LDLr KO mice are viewed as a model for familial hypercholesterolemia (86. 

Powell-Braxton 1998). To our knowledge, no previous studies have investigated 

the effects of L. reuteri supplementation on hypercholesterolemic mice fed a 

normal chow diet. Therefore, we chose to maintain a normal fat diet in both the 

LDLr KO mice and wild type mice. Considering the known effects of L. reuteri 

on cholesterol metabolism, we hypothesized that supplementation would reduce 

serum cholesterol levels in LDLr KO and wild type mice. 

3) Will there be a dose response to L. reuteri supplementation? 

Along with these two questions, we also wished to address the possibility 

of a dose response to L. reuteri supplementation. As described in the literature 

review, L. reuteri treatment has been successful over a wide range of doses, 

however an optimal or adequate dose has not been determined. Thus, we chose to 
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supplement mice at two different doses: 1 billion CFU/day vs 50 million 

CFU/day.  

 

Tracking Project 

1) How does transit of the probiotic, B420, progress over 8 hours in the GI tract 

following a single administration? 

Our primary aim was to track the B420 through the GI tract following 

administration in mice for 1 digestive cycle. Probiotic transit and colonization in 

the small and large intestines is an under-researched area, with research generally 

focusing on detecting probiotics in fecal samples or the large intestine. To our 

knowledge, no research exists regarding B420’s transit or colonization of the GI 

tract. Using PCR and real-time PCR, we wanted to determine location of B420 

genomic DNA (gDNA) at 4-time points following administration: 15 minutes, 2 

hours, 4 hours, and 8 hours. These time points cover a full digestive cycle in mice. 

GI tracts were separated into 6 sections (duodenum, jejunum, ileum, cecum, 

proximal and distal colon) in an aim specify location along the GI tract. Lastly, 

using B420 growth culture gDNA as a standard, we sought to quantify amounts of 

gDNA at selected locations along the GI tract at all time points. 

2) How long does B420 persist in the GI tract and at what points is it present 

following 10 consecutive days of administration? 

Our second aim was to determine the effects of daily administration on 

amount of B420 gDNA in the GI tract and how long B420 gDNA remains present 

in the GI tract following discontinuation of treatment. Research investigating how 
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daily probiotic administration affects accumulation and persistence throughout the 

GI tract is limited. To look further into this, we administered B420 for 10 

consecutive days. After stopping treatment, we chose 4-time points to measure 

B420 gDNA in the small and large intestines: 15 minutes, 24 hours, 48 hours, and 

144 hours. This study would allow for direct comparison between the amount of 

gDNA present in the GI tract following repetitive dosing and the amount seen 

after a single administration. Along with this, we would be able to determine 

persistence, localization, and amount of B420 gDNA in the GI tract following 

discontinuation of treatment. 
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Chapter 2: Methods and Materials 

L. reuteri Supplementation 

Animals, Diet, and Probiotic Administration 

Experiments followed protocols that adhered to guidelines and were 

approved by the Institutional Animal Care and Use Committee at the University 

of Arizona and to 2011 NIH guidelines for care and use of laboratory animals. At 

approximately 1 year of age, LDL receptor knock-out male mice (B6. 129S7-

Ldlr<tm1Her>/J, Jackson Laboratories, Bar Harbor, ME, USA) and wild type 

male mice (C57BL/6J, Jackson Laboratories, Bar Harbor, ME, USA) were 

randomized to one of three groups: Lactobacillus reuteri 1 billion CFU (colony 

forming unit)/day, Lactobacillus reuteri 50 million CFU/day, or saline control 

(Figure 2.1). Lactobacillus reuteri (NCIMB 30242, Dupont Nutrition and Health, 

Kantvik, Finland) was administered through daily gavage, using 300𝜇l of saline 

as vehicle. Control groups received 300𝜇l of saline alone through daily gavage. 

Gavage protocol lasted 5-6 weeks, before myocardial infarction protocol was 

initiated (Figure 2.2). Mice were fed standard rodent chow (NIH-31; 18% Fat, 

59% Carbohydrate, 23% Protein). Body weights were measured weekly. 
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Figure 2.1: Study Design: Study began with 40 mice total; 20 wild type 

(C57BL/6J) and 20 LDLR KO mice. Within the 2 models, mice were separated 

into 3 different treatment groups: 1 billion CFU/day of L. reuteri, 50 million 

CFU/day of L. reuteri, and saline (control). Doses were administered by oral 

gavage with 300uL of saline used as vehicle.  
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Figure 2: Study Protocol: Mice were subjected to daily gavage of respective 

treatment for the entirety of the study. Sub-mental blood draws were taken at 

baseline, 2 weeks, and 4 weeks for collection of serum. Body weights were 

recorded weekly beginning at baseline. Mice were fed a standard chow diet (18% 

fat, 59% carbohydrates, 23% protein). At 5-6 weeks mice subjected to 30 minutes 

of ischemia via occlusion of the left anterior descending artery. After 48 hours 

mice were sacrificed, and hearts were stained using Evans Blue/TTC protocol. 
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Blood Collection and Cholesterol Determination 

Blood was collected at baseline, 2 weeks, and 4 weeks. Mice were fasted 

for 5 hours prior, and blood was collected via sub-mental bleed. Whole blood was 

allowed to clot for 15-60 minutes, after which it was centrifuged (1000-2000 x g) 

for 10 minutes at 4o C. Serum was removed and flash frozen in liquid nitrogen. 

Total serum cholesterol (Wako Chemical USA, INC., Richmond, VA) was 

determined using colorimetric enzymatic assays on a BioTek Synergy 2 plate 

reader.  

 

Surgical Procedures 

After 5-6 weeks of oral gavage of respective treatment mice were 

anesthetized with an intraperitoneal injection of 250mg/kg of tribromoethanol 

(Sigma), intubated, and ventilated with 0.5-2% isoflurane (Phoenix 

Parmaceuticals, Inc.). The heart was then exposed, and the left anterior 

descending artery was occluded using 8-0 suture compressing a small piece of 

tubing (PE-10) to prevent vessel damage during occlusion. Occlusion was 

maintained for 30 minutes, after which the animal was allowed 2-days of 

reperfusion. 

 

Determination of Infarct Size 

Following 48-hours of reperfusion mice, mice were placed in chamber and 

anesthetized via isoflurane inhalation. Mice were then sacrificed via cervical 

separation. After sacrifice, the chest cavity was opened, and the left anterior 
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descending artery was re-occluded at the same site as the original occlusion. The 

heart was then perfused with 1% Evan’s Blue dye, staining the whole heart, 

except the left coronary bed. This perfusion outlines the ischemic zone, or area at 

risk (AAR). Hearts were then excised and frozen for 15 minutes at -200 C, after 

which they were transversely section at 1mm of thickness. The slices were then 

incubated in 1% 2,3,5-triphenyltetrazoliumchloride stain (TTC, Sigma, St. Louis, 

MO). After incubation with TTC, necrotic tissue stains white (area of necrosis, 

AON), viable tissue within the AAR stains red, and fully perfused tissue will 

remain blue. AAR and AON were measured for each section, both sides, using 

ImageJ and infarct size was reported as a percentage of AON to AAR. Sections 

were then fixed in 10% formalin overnight and paraffin embedded.  

 

Histological Staining and Immunohistochemistry 

Following paraffin embedment, tissues were transversely sectioned at 5 

micrometers and placed on microscope slides. Slides were stained with 

Hematoxylin and Eosin (H&E), anti-IL-6 (abcam, ab6672) and anti-ICAM-1 

(CD54) (Cell Signaling Technology, #4915) antibodies. Primary antibodies were 

exposed to HRP-conjugated secondary antibodies and visualized with 

diaminobenzidine (DAB). Hematoxylin was used as a counterstain. Infiltration of 

immunohistochemical markers was measured using ImageJ. First, area of 

infiltration was normalized to the total area of the heart (IHC infiltration/total 

area). After which, this value was normalized to area at risk, as previously 

determined by Evans Blue and TTC staining. Lastly, these values were correlated 
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with the area of necrosis/area at risk, as determined by Evans Blue and TTC 

staining. 

Data and Statistical Analysis 

All data is presented as mean ± standard error of the mean. Significance 

values for weight and total cholesterol levels were measured by Repeated 

Measures ANOVA. Significance values for infarct size were generated by 

Student’s T-test. 

Tracking Project 

Animals, Diet, and Probiotic Administration  

For the tracking section of this thesis animal protocol was as follows. 12-

week-old, wild-type male mice (C5Bl/6J; Jackson Laboratories, stock 000664, 

Bar Harbor, ME, USA) were fed a normal rodent chow (NIH-31: 18% fat, 59% 

carbohydrates, 23% protein; Research Diets, Inc., New Brunswick, NJ, USA) 

throughout the study. Mice were randomized to either single or daily 

administration of 109 CFU Bifidobacterium animalis subsp. lactis 420 (B420) 

(DuPont Nutrition &Health, Kantvik, Finland; ATCC:SD6685). Probiotic was 

administered by oral gavage in 300uL of saline. Saline, alone, was used as 

control.  

Mice administered a single administration were randomized to have their 

GI tract excised at four separate time points following administration: 15 minutes, 

2 hours, 4 hours, and 8 hours. At the designated time points, mice were sacrificed, 

and GI tracts excised as described in Tissue Resection section.   
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Mice in the daily administration group were subjected to 10 consecutive 

days of B420 administration. After 10 days, probiotic administration was 

discontinued, and intestinal tracts were excised at: 15 minutes, 24 hours, 48 hours, 

and 144 hours from the final administration. Mice were separated, and cages were 

cleaned daily following termination of probiotic administration to prevent 

recycling of probiotic due to coprophagy. At the designated time points, mice 

were sacrificed, and GI tracts excised as described in Tissue Resection section.   

 

Tissue Resection and GI Tract Content Scrape 

C57BL/6J mice were anesthetized and sacrificed via cervical dislocation 

according to IACUC approved protocol. The GI tract from the duodenum to distal 

colon was excised from the body.  After which, the GI tract was cut into 6 

sections (duodenum, jejunum, ileum, caecum, proximal colon, and distal colon) 

based on anatomical landmarks.  A sagittal cut was utilized to open the GI tract 

and an un-charged standard microscope slide was dragged across the open tract to 

isolate digesta. Digesta was snap-frozen with liquid nitrogen and stored at -80 Co. 

 

PCR 

Bacterial genomic DNA (gDNA) was isolated from the GI tract digesta 

using a DNA extraction method designed for digesta and fecal samples (87. Yu 

2004). AccuPower Premix Mastermix (Bioneer) was used for end-point PCR. 

PCR products were visualized on 1% Agarose gels containing GelRed (Phenix 

Research Products). 16S Variable Region 3 and B420 growth culture gDNA were 
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used as internal controls for PCR. All PCR reactions were imaged in G:Box 

(SynGene) and analyzed using ImageJ (NIH). 16S-V3 and B420 primers are 

defined in Table 2.1. 

 

Real-Time PCR 

gDNA was isolated from the GI tract using previously described methods 

(87. Yu 2004). SYBR Green qPCR Master Mix (Roche Diagnostics) was used for 

real-time PCR reactions. 16S Variable Region 3 gDNA was used as an internal 

control for real-time PCR. B420 growth culture gDNA was used for creation of 

standard curve and B420 gDNA quantification. Real-time PCR reactions were 

programmed and ran on Light Cycler 480© an instrument designed by Roche 

Diagnostics Ltd. 16S Variable Region 3 and B420 primers are defined in Table 

2.1. 
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Table 2.1: Primers for PCR and Real-Time PCR 

 

 

 

 

 

 



	 37	

Chapter 3: L. reuteri Supplementation 

Abstract 

Health of the gut microbiota has been implicated in the progression and severity 

of a number of disorders, including cardiovascular disease. Probiotics offer a 

means to positively manipulate the gut microbiota and have been shown to 

improve cardiovascular risk factors like hypertension and hypercholesterolemia. 

One such probiotic is Lactobacillus reuteri, a well-studied probiotic with known 

cholesterol-lowering and anti-inflammatory properties. In the present study, we 

investigated the effects of L. reuteri supplementation on cholesterol levels and 

cardiac damage in an ischemia/reperfusion model. L. reuteri (1 billion CFU/day 

and 50 million CFU/day) was administered via oral gavage to LDLr KO and wild-

type mice for 5-6 weeks before initiation of an I/R protocol. Results showed no 

significant reductions in cholesterol levels after 4 weeks of administration. There 

was a significant decrease in infarct size in both LDLr KO and wild-type mice 

with L. reuteri treatment. In conclusion, daily L. reuteri supplementation had 

limited effects total serum cholesterol levels but did improve markers for cardiac 

damage following myocardial infarction.  
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Introduction 

Past work in our lab has shown that supplementation with a probiotic, B420, 

offered a cardio-protective effect in mice subjected to an ischemia/reperfusion 

protocol (48. Danilo 2017). Given similar anti-inflammatory properties shown by 

L. reuteri in animal and clinical trials, we hypothesized that a similar reduction in 

infarct size would be seen with L. reuteri treatment. Along with this, we 

hypothesized that treatment would reduce total cholesterol levels due to the bile-

salt hydrolase activity of L. reuteri. For further comparison of the cholesterol-

lowering efficacy of L. reuteri, we utilized two mouse models: LDLr KO mice 

and wild-type mice. LDLr KO mice are hypercholesterolemic (200-400 mg/dl) on 

a standard diet and allowed us to investigate the effects of L. reuteri on elevated 

cholesterol levels outside of a diet-induced obesity setting. Lastly, we treated 

mice with 2 separate amounts (1 billion CFU/day and 50 million CFU/day) of L. 

reuteri to explore a dose response. 
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Results  

Body Weight 

LDLr KO and wild type mice were subjected to daily administration of 1 

billion CFU of L. reuteri, 50 billion CFU of L. reuteri, or saline via oral gavage 

for 5-6 weeks. Mice were aged near 1 year before initiation of study protocol. 

Weights were recorded weekly and all mice were maintained on a standard chow 

diet (18% Fat, 59% Carbohydrate, 23% Protein). L. reuteri supplementation had 

no effect on weight status in wild-type or LDLr KO mice (Figure 3.1A and 

3.1B). In both strains of mice, there was an initial drop in weight of the L. reuteri 

treated mice. However, weight rebounded in all groups and there were no 

significant differences in weight status at completion of the study across treatment 

groups (Figure 3.1C). Of note, wild-type mice were significantly heavier than 

their LDLr KO counterparts, regardless of treatment group (p<0.01)  

Cholesterol Levels 

To monitor serum cholesterol levels in LDLr KO and wild-type mice 

blood draws were taken at baseline, 2 weeks, and 4 weeks via sub-mental bleed. 

For wild type mice, there were no significant differences between L. reuteri and 

saline treated mice (Figure 3.2C). Total serum cholesterol ranged from 90-140 

mg/dl for wild type mice. For all groups of LDLr KO mice, there was a 

significant increase in cholesterol over 4 weeks (Figure 3.2A). Differences in 

total cholesterol between groups did not meet significance (p<0.208). However 
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there did appear to be a trend towards decreased levels of cholesterol in L. reuteri 

treated mice relative to saline treated mice (Figure 3.2A) at 4 weeks (Saline 

mean= 283 mg/dl, L. reuteri mean= 258 mg/dl). Lastly, no dose response to L. 

reuteri supplementation was seen across groups in both mouse models.  
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Figure 3.1: Mice Weights: A: Weekly weights for LDLr KO mice. B. Weekly 

weights for wild-type mice. C. Respective weights of mice at final weighing (5 

weeks), displayed by treatment group. Data presented as mean± standard error of 

the mean. 

 

 

 

 

 

 

 

 



	 42	

 

 

 

 

 

 

Figure 3.2: Total Serum Cholesterol: A: Bi-weekly total serum cholesterol for 

LDLr KO mice. Taken after 5-hour fast. B. Bi-weekly total serum cholesterol for 

wild-type mice. C. Respective total serum cholesterol of mice at final recording 

(4-weeks), displayed by treatment group. Data presented as mean± standard error 

of the mean. 
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Infarct Size: Evans Blue and TTC Staining 

At 5-6 weeks mice were subjected to 30 minutes of ischemia via occlusion 

of the left coronary artery. Following 48 hours of reperfusion, hearts were 

excised; left coronary artery was re-occluded, and the heart was perfused with 

Evans blue dye. After which, the heart was transversely sectioned and incubated 

in TTC. Left ventricular area, area at risk (AAR), and area of necrosis(AON) were 

quantified on ImageJ for all sections of heart, front and back. Infarct size was 

measured as AON/AAR, example shown in Figure 3.3A-D.  

In both LDLr KO and wild type mice, L. reuteri treatment significantly 

decreased infarct size, as measured by Evans Blue and TTC staining (Figure 3.4 

and Figure 3.5). For LDLr KO, mice infarct size was reduced by about half 

(13.66% vs 6.77%) (Figure 3.5A). The magnitude of decrease in infarct size was 

similar in wild-type mice (13.79% vs. 7.65%) (Figure 3.5B). Similar to earlier 

results, there was no dose response seen with L. reuteri supplementation. For 

clarity all mice, within their respective genotype, treated with L. reuteri are 

grouped together and will be for the remainder of the paper. Interestingly, infarct 

size was similar in LDLr KO and wild type mice within their respective treatment 

groups (Figure 3.5C). This suggests the elevated total cholesterol levels in LDLr 

KO mice had little impact on infarct size in this ischemia/reperfusion model.  

Infarct Size: Histological and Immunohistochemical Staining 

 To confirm the results of Evans Blue/TTC staining and compare structural 

differences in hearts, we performed H&E staining on infarcted hearts. Along with 

this, we performed immunohistochemical staining for two inflammatory markers, 
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IL-6 and ICAM-1, using DAB. Infiltration of histological markers and left 

ventricular area were quantified using ImageJ. Representative histological images 

are shown in Figure 3.6. Infiltration was measured as ratio of: infiltration of 

histological marker/total area. For H&E staining, hematoxylin-stained neutrophils 

were used as marker of infiltration (Figure 3.6C). Tissue stained brown with 

DAB was used as marker for IL-6 and ICAM staining (Figure 3.6D).  
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Figure 3.3: Evans Blue and TTC Staining: A. Following Evans Blue/TTC 

staining, hearts were transversely sectioned into 5-6 pieces and imaged. B. 

Representative image of total left ventricular area, as measured by ImageJ. C. 

Representative image of area at risk (AAR; red stained area). D. Representative 

area of area of necrosis (AON; white stained area). 
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Figure 3.4: Evans Blue and TTC Staining Comparison: Representative images 

of Evans Blue/TTC stained hearts in their respective treatment groups and mouse 

model.  
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Figure 3.5: Infarct Size: Evans Blue and TTC Determination: A. Infarct size, 

measured as area of necrosis (AON)/ area at risk (AAR), in LDLr KO mice. 

Separated by L. reuteri and saline treatment groups. N=10, 5 B. Infarct size 

(AON/ AAR), in wild type mice. Separated by L. reuteri and saline treatment 

groups. N=11,5 C. Table of results. 
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Figure 3.6: Infarct Size: Histological Determination: A. 5x Hematoxylin and 

Eosin (H&E) stain of representative heart section. B. 5x Interleukin-6 (IL-6) stain 

of representative heart section. C. Example of infiltrated tissue, as shown by H&E 

staining. D. Example of infiltrated tissue, as shown by IL-6 staining. E. Example 

of unaffected tissue, H&E. F. Example of unaffected tissue, IL-6.  
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Similar to results from Evans Blue and TTC quantifications, reductions in 

infiltration of histological markers were seen with L. reuteri treatment in both 

wild type (Figure 3.7A-F) and LDLr KO mice (Figure 3.8A-F). Infiltration of 

histological markers for H&E and IL-6 showed very similar patterns for size and 

shape. These markers were also consistent with size and shape of the area of 

necrosis as determined by TTC staining. ICAM-1 staining was not highly similar 

in size and shape to other staining methods (Figure 3.7 E, F and Figure 3.8 E, 

F). ICAM-1 staining was less intense than IL-6 staining, but generally covered a 

larger surface area and was more centrally located on the left ventricle. 

 To allow for direct comparison between histological stains and Evan’s 

Blue/TTC staining, infiltration of histological markers was normalized to area at 

risk (AAR), to determine infarct size.  Next, we performed a regression analysis 

of infarct size between Evan’s Blue, H&E, and IL-6 staining methods (Figure 9). 

For LDLr KO mice, H&E and IL-6 infarct sizes were highly correlated with 

infarct sizes from Evans Blue/TTC (r2=0.884 and r2=0.873, respectively) (Figure 

9A). Along with this, the slope of the regression lines was close to 1 (1.134 and 

1.115, respectively), suggesting similar sizes of infarct between the three stains. 

Results were similar with the wild type mice. Both H&E and IL-6 infarct sizes 

were well-correlated (r2=0.854 and r2=0.825, H&E and IL-6 respectively) with 

Evan’s Blue/TTC infarct measurements (Figure 9B). Slopes of regression lines 

for wild type mice were also close to 1 (0.832 and 1.049, H&E and IL-6 

respectively), suggesting a similarity in infarct sizes across quantification 

methods. 
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As previously mentioned, ICAM-1 staining was less intense than IL-6 

staining and did not follow a staining pattern similar to other stains. Therefore, a 

regression line of ICAM-1 infiltration and Evans Blue/TTC is presented 

separately for clarity (Figure 3.10). ICAM-1 staining did correlate moderately 

well with Evans Blue/TTC-measured infarct size in LDLr KO and wild-type mice 

(r2=0.69; r2=0.64, respectively) (Figure 3.10A; Figure 3.10B). However, this 

value is not similar to the degree of correlation seen with IL-6 and H&E stains. 

Furthermore, while staining was less intense, the size of infiltration of ICAM-1 

staining was greater than any of the previous stains, with the slope of the 

regression lines being 1.83 (LDLr KO) and 2.87 (wild-type). 
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Figure 3.7: H&E, IL-6, and ICAM-1: Wild Type: A. H&E stain of heart 

section of L. reuteri treated wild-type mice. B.  H&E stain of heart section of 

saline treated wild-type mice. C. IL-6 stain of heart section of L. reuteri treated 

wild-type mice. D. IL-6 stain of heart section of saline treated wild-type mice. E. 

ICAM-1 stain of heart section of L. reuteri treated wild-type mice. F. ICAM-1 

stain of heart section of saline treated wild-type mice. 
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Figure 3.8: H&E, IL-6, and ICAM-1: Wild Type: A. H&E stain of heart 

section of L. reuteri treated LDLr KO mice. B.  H&E stain of heart section of 

saline treated LDLr KO mice. C. IL-6 stain of heart section of L. reuteri treated 

LDLr KO mice. D. IL-6 stain of heart section of saline treated LDLr KO mice. E. 

ICAM-1 stain of heart section of L. reuteri treated LDLr KO mice. F. ICAM-1 

stain of heart section of saline treated LDLr KO mice. 
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Figure 3.9: Regression Analysis of Infarct Size Determinations: A. Infarct size 

determinations were made blinded and separately by analyzing Evans Blue/TTC, 

H&E, and IL-6 heart stains. Evans Blue/TTC infarct size was measured as 

AON/AAR, (values represented on x-axis). H&E and IL-6 infarct size was 

measured by area of infiltration/total cross-sectional area, normalized to AAR 

value (values represented on y-axis). Regression analysis comparing H&E and IL-

6 stains to Evans Blue/TTC for LDLr KO mice are shown. N=15 B. Regression 

analysis comparing H&E and IL-6 stains to Evans Blue/TTC for wild-type mice. 

N=16. 
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Figure 3.10: Regression Analysis- ICAM-1 and Evans Blue/TTC: A. 

Regression analysis of between ICAM-1 and Evan’s Blue staining for LDLr KO 

mice. N=7 B. Regression analysis of between ICAM-1 and Evan’s Blue staining 

for Wild Type mice. N=9. 
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Discussion 

Health of the gut microbiota is known to have a strong association with a 

number of disease states and underlying systemic inflammation seen with disease. 

Positive manipulation of the gut microbiota offers a potential method for 

prevention and treatment of inflammatory related disorders.  One such method of 

positive manipulation is through probiotic supplementation. Our lab has 

investigated the effects of 5-6 weeks of supplementation with a probiotic, 

Lactobacillus reuteri, on cardiac damage and cardiovascular disease parameters in 

an ischemia/reperfusion model. L. reuteri administration had no effect on weight 

in LDLr KO and wild type mice on a standard diet. Administration also had no 

significant effect on serum cholesterol levels, however there did appear to be a 

trend toward decrease in cholesterol levels in LDLr KO mice. Lastly, there was a 

significant decrease in infarct size for both strains of mice with L. reuteri 

administration, as measured by Evan’s Blue/TTC staining and infiltration of 

histological markers.  

 

Body Weight  

Over the course of the study, L. reuteri administration had little effect on 

weight of the mice. There was an initial drop in weight of the LDLr KO mice at 1-

week post-baseline, however weight quickly rebounded. There were no 

significant changes in weight after completion of the study. Wild type mice were 

significantly heavier than their LDLr KO counterparts (p<0.001), but there were 
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no significant differences between treatment groups within the two mouse 

models.   

Previous research with L. reuteri has shown mixed evidence for weight 

control. A study utilizing a high-fat diet to induce obesity found decreases in 

weight gain compared to control (55. Fak 2012). However, a different study, 

where a high-fat diet produced no significant changes in weight, found no effect 

of L. reuteri on weight status (56. Huang 2015). Interestingly, other research has 

found strain specific effects of L. reuteri strains on weight gain in a high-fat diet 

model (57. Qiao 2015). Given the standard chow diet (18% Fat, 59% 

Carbohydrate, 23% Protein) and age of the mice (aged about 1 year) used in our 

study, little weight change was expected over the course of the study. Therefore, it 

is not surprising that L. reuteri administration had little effect on weight status.  

 

Serum Cholesterol 

Given the bile salt hydrolase activity of L. reuteri, we initially 

hypothesized that administration would lead to a reduction in cholesterol 

compared to control. However, total cholesterol was not significantly different 

across any of our treatment groups in LDLr KO mice or wild-type mice. The 

majority of wild-type mice had relatively normal levels of cholesterol (90-

120mg/dl) at baseline and were not fed a high-fat or cholesterol diet. No 

significant changes in cholesterol were seen over time or between treatments. 

Considering the relatively low cholesterol levels at baseline and standard chow 

diet, the lack of response is not surprising.  
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For LDLr KO mice there was a significant increase in cholesterol over 

time for all groups. However, there did appear to be a trend towards attenuation of 

cholesterol increase in L. reuteri treated mice. On average, L. reuteri treated mice 

had about 10% lower serum cholesterol levels (283mg/dl vs 258mg/dl) than the 

control group after 4 weeks. While this value did not reach significance, it is 

similar in both size of reduction and timeline previously reported in clinical 

studies with hypercholesterolemia patients (64. Jones 2012). Changes were not as 

large as previous studies in some rodent models, but these studies utilized high fat 

or high cholesterol diets to induce hypercholesterolemia (56. Huang 2015, 62. 

Taranto 1998).  We chose a standard diet over high fat diet because when placed 

on a high fat diet LDLr KO mice can see their total cholesterol rise to supra-

physiological levels (500-2000 mg/dl). While on a standard diet LDLr KO mice 

generally remain in a hypercholesterolemic range of 200-40 mg/dl (88. Ishibashi 

1993, 89. Hartvigsen 2007), which is more applicable to a human population. 

With this study we also sought to address whether there was a dose 

response to L. reuteri supplementation. Theoretically, an increase in number of 

bacteria would lead to an increase in bile salt hydrolase activity and a greater 

decrease in total cholesterol. Both values (1 billion and 50 million CFU/day) we 

chose were within established ranges used in previous studies with L. reuteri 

(references) and 1 billion CFU/day was matched to the dose used in previous 

ischemia/reperfusion studies by our lab (48. Danilo 2017). To our knowledge, one 

other study looked at dose response to L. reuteri and did not see significant 

differences in total cholesterol between three doses in hamsters but saw dose 
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responses in other parameters (56. Huang 2015). In contrast we did not see a dose 

response with total cholesterol or any other parameters measured in this study.  

When considering the cholesterol lowering efficacy of L. reuteri in this 

study, the magnitude of the effect is likely limited for a couple reasons. First, bile 

acid reabsorption is generally pretty efficient in the body, with about 95% of bile 

acids being reabsorbed before they reach the large intestine, where the majority of 

viable bacteria live (61. Begley 2006, 60 Chiang 2013). Therefore, any increases 

in biliary excretion due to bacterial activity will be limited to a small proportion 

of the bile acids that are circulating through the body at a given time. This likely 

explains why reduction in total cholesterol remains limited and it takes multiple 

weeks to see any effect with L. reuteri supplementation.   

Secondly, inconsistencies in the magnitude of reduction with other rodent 

models may be a function of diet. Previously cited research in rodent models 

utilized high fat or high cholesterol diets (56. Huang 2015, 62. Taranto 1998). 

High-fat diets are associated with increases in bile acid concentrations in the 

cecum and feces (90. Murakami 2015, 91. Sato 1987). Given this, high fat diets 

may provide a greater opportunity for deconjugation of these bile acids by 

intestinal bacteria. This could explain discrepancies between the cholesterol 

lowering effects of L. reuteri in high-fat and standard diets.  
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Infarct Size 

Our first method of measuring infarct size was through ex vivo staining 

using Evans Blue and TTC. For both groups of mice, we saw a significant 

reduction in infarct size with L. reuteri treatment, with the reduction was near 

50% (wild type: 13.79% for control vs. 7.65% for L. reuteri; LDLr KO 13.66% 

for control vs. 6.77% for L. reuteri). 

 Similar, to other results there were no differences in infarct size seen with 

dose of L. reuteri. Infarct sizes between treatment groups were highly similar (all 

in the range of 6-8%). This suggests that 50 million CFU/day is a sufficient dose 

and additional probiotic did not offer any further cardio-protective effect. 

However, strong conclusions are limited for a couple reasons. Due to 

complications following surgery, sample sizes for dose response testing were 

small (4-7 mice per group). Along with this, infarct sizes in treated mice, 

regardless of dose, were very small due to the I/R protocol and may be near a 

limiting value for the quantification methods we used. 

After completion of Evans Blue/TTC staining, we chose to perform 

histological staining on the hearts to confirm the results. H&E staining was 

performed to look for structural differences and infiltration of neutrophils in 

hearts. Following an ischemic event and subsequent reperfusion injury, the innate 

and adaptive immune systems, along with apoptotic factors, are activated (43. Liu 

2016). Neutrophils are among the first cell types recruited into infarcted tissue 

and accumulate within hours following reperfusion (92. Yellon 2007). In tissue, 

neutrophils can contribute to myocardial necrosis through the release of proteases 
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and reactive oxygen species (93. Vinten-Johansen 2004). For staining purposes, 

neutrophils are filled with hematoxylin during H&E staining and are visible in 

large numbers in necrotic cardiac tissue. Therefore, H&E offers an alternative 

measure for quantifying cardiac damage. Staining with H&E showed similar 

patterns of necrosis as seen with Evans Blue/TTC, as well as a high correlation in 

infarct size. 

After completion of H&E staining, we chose to perform 

immunohistochemical staining for two markers of cardiac damage, IL-6 and 

ICAM-1. IL-6 is a pro-inflammatory cytokine that can be released by 

myocardium and immune cells. Expression and production of IL-6 is up-regulated 

in necrotic tissue and is thought to have a role in resorption of necrotic tissue (94. 

Deten 2002). This makes IL-6 an additional measure of infarct size. As shown by 

histological images, IL-6 staining similarly patterned results from previous 

staining methods. Correlation between IL-6 area of infiltration and area of 

necrosis from Evans Blue/TTC was high for both mouse models. Overall, there 

was high correlation between size of infarct measurements taken from Evans 

Blue/TTC, H&E, and IL-6 stains. As separate markers of necrosis, they all 

support the results of reduced left-ventricular damage with L. reuteri treatment. 

 The last histological stain we performed was for ICAM-1, whose 

expression can be induced by IL-6. ICAM-1 is an adhesion molecule released by 

endothelial cells and cardiomyocytes that promotes adhesion of neutrophils and 

monocytes and has been implicated in reperfusion injury (95. Siminiak 1997, 96. 

Benson 2007). Following MI, ICAM-1 can be present in cardiac tissue adjacent to 
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necrotic tissue or in areas jeopardized to injury, but the tissue remains viable (97. 

Kukielka 1994, 98. Frangogiannis 2002). Therefore, ICAM-1 staining offers a 

picture of damaged, but not necessarily necrotic tissue. 

With this in mind, it was not surprising that ICAM-1 staining produced a 

unique pattern. First, staining was much less intense than IL-6 staining, likely due 

to the antibody employed. Secondly, the stain covered different areas of the heart 

than any of the previously used methods for assessing cardiac damage. Generally, 

ICAM-1 staining was seen near infarcted tissue, but not in the infarcted area, and 

was more centrally located. Interestingly, ICAM-1 infiltration also covered a 

much larger surface area (1.5 to 3 times as much) than infiltration measured by 

the other staining methods. This was unexpected. In the previous study with 

B420, ICAM-1 infiltration covered a smaller surface area than other markers. A 

possible explanation for this inconsistency may be ischemia/reperfusion time. The 

current study utilized 30 minutes of ischemia and 48 hours of reperfusion, while 

the B420 study put mice through 45 minutes of ischemia and 72 hours of 

reperfusion. This led to smaller infarct sizes in in the current study. Given that 

ICAM-1 is expressed in damaged but viable tissue, it reasons that this type of 

tissue may have been in greater amount than necrotic tissue in our I/R model. 

One interesting result from the study was that size of infarct and reduction 

of infarct size were highly similar across the two mouse models. Despite over 

two-fold higher cholesterol levels in LDLr KO mice, control mice in both models 

had nearly identical infarct sizes. Similarly, L. reuteri treated mice had very 

similar infarct sizes, independent of genotype. These results have a couple of 
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important implications. First, it does not appear that the reduction in infarct size in 

L. reuteri treated LDLr KO mice is due to slightly lower cholesterol levels, but 

rather an alternative effect of L. reuteri supplementation. Secondly, the across the 

board similarities suggest that total cholesterol levels have little to no effect on 

infarct size as a whole. However, one important fact to note is that the wild type 

mice were significantly heavier than their LDLr KO counterparts. Perhaps, this 

may have acted as a counterbalance to the increased cholesterol levels.  

 Strengths of this study include utilization of multiple mouse models (wild 

type and LDLr KO) and multiple methods for measuring infarct size. Usage of 

both LDLr KO and wild type mice allowed for a comparison of the effects of L. 

reuteri between hypercholesterolemic and mice with normal cholesterol levels, 

independent of any other dietary interventions. To our knowledge, no research as 

investigated the cholesterol lowering efficacy of L. reuteri outside of a high-fat or 

high-cholesterol diet and results suggest L. reuteri supplementation may be useful 

for individuals with familial hypercholesterolemia.  

The multiple staining methods employed allowed for a better estimation of 

infarct size and cardiac damage. While Evans Blue/TTC staining is a standard 

technique for measuring infarct size, quality of staining can vary and contrast 

between areas can be difficult to differentiate (99. Bohl 2009). Therefore, 

histological stains are useful in confirming results. H&E and IL-6 are two stains 

that proved to correlate well with the infarct size and shape seen in Evans 

Blue/TTC staining. 
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 Limitations of the study include sample size of the treatment groups and 

transferability of research on the mouse gut microbiota to the human gut 

microbiota. Considering the dose dependent effect of L. reuteri reported in some 

studies, we chose to dose mice at 2 quantities of L reuteri (1 billion CFU/day and 

50 million CFU/day). While this could have been informative, it limited our 

sample size and may have hampered any ability to see significant changes in 

cholesterol levels. Considering the level of variability seen in cholesterol levels in 

control mice, larger sample sizes are needed to better answer this question. 

 Translating findings in murine models to humans is always challenging 

but may be particularly so in research involving the gut microbiota. 

Morphologically, mice have an increased relative size of the cecum, which gives 

mice a greater capacity for fermentation of carbohydrates (100. Nguyen 2015). 

This could lead to enhanced production of bioactive compounds, like SCFA’s. 

Along with this, there are differences in composition of the gut microbiota 

between mice and humans. While both are composed of two major phyla, 

Bacteriodetes and Firmicutes, there are significant differences at the genus level 

(101. Ley 2005). Furthermore, composition of the gut microbiota is variable and 

heavily influenced by environment and diet in humans. Fully accounting for these 

factors in mouse models is not feasible and comparing effects of specific 

probiotics on the mice and human gut microbiota remains a necessity. 

 Despite these limitations, our study reinforces the importance of the gut 

microbiota in disease progression. Our results show that manipulation of the gut 

microbiota through probiotic supplementation may be a useful strategy for 
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combating cardiovascular disease. Probiotic supplementation, in conjunction with 

other standard treatment practices, could be an additional and safe tool to manage 

cholesterol levels and improve cardiac outcomes.   
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Chapter 4: Tracking of B420 

Abstract 

Probiotics are known to affect the gut microbiota and are associated with a 

number of positive health outcomes. Despite this, understanding of probiotics 

actions and localization in the GI tract remains limited. Insights into transit, 

localization, or colonization of the GI tract would have important implications for 

the mechanistic understanding of probiotics and their potential therapeutic use. In 

the current study, we examined transit of the probiotic Bifidobacterium animalis 

subspecies lactis 420 (B420) following a single administration and 10-days of 

consecutive administration. Using PCR and real-time PCR, B420 gDNA was 

quantified in the small and large intestine at a number of time points following 

discontinuation of treatment. Results showed quick passage of B420 following a 

single administration by gavage. In comparison, consecutive dosing for 10-days 

did produce a small level of accumulation of B420 in the GI tract, but presence of 

the probiotic was reduced to minimal levels 48 hours after discontinuation of 

treatment. 
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Introduction 

Manipulation of the gut microbiota through probiotic supplementation has 

become an increasingly common research strategy to combat disease. Despite 

this, the mechanism and location of action for individual probiotics is not well 

understood. Previously, our lab has shown that supplementation with a probiotic, 

Bifidobacterium animalis subspecies lactis 420 (B420), attenuates cardiac injury 

post-MI in an ischemia/reperfusion mouse model (48. Danilo 2017). To better 

understand the actions of B420, we sought to track transit through the GI tract 

following a single dose and following 10 days of consecutive dosing. Previous 

research investigating colonization of the GI tract has shown that any probiotics 

colonization appears to be transient. However, most of these studies remain 

limited to fecal samples and do not account for the entirety of the GI tract. 

Furthermore, transit and ability to colonize likely varies by probiotic strain. With 

our study we hoped to further explore the effects of B420 supplementation on 

colonization and localization in the small and large intestines. Results could 

provide insight into the mechanism by which B420 produces its cardio-protective 

effect and where this effect is incurred. 
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Results 

PCR Dilution Curve and Real-Time PCR Standard Curve with B420  

 As a measure of quality control, end-point PCR was run on B420 growth 

culture gDNA with primers for Bifidobacterium 16S and 16S Variable Region 3 

(internal control) genes (Figure 4.1). A serial dilution was performed, and PCR 

was run with known concentrations of B420 gDNA, varying from 100ng to 

0.001ng. The signal saturated at 1ng of B420 gDNA and was measurable at 

concentrations as low as 0.001ng (Figure 4.1A).  

Additionally, these known concentrations of B420 gDNA were used to 

develop a standard curve for real-time PCR (Figure 4.2). B420 gDNA was again 

detectable at 0.001ng (Figure 4.2B). Along with this, relative intensity of B420 

and 16S signals were highly correlated (r2= 0.98). Furthermore, the slope of the 

curve was 0.98 (Figure 4.2D). These results verify the use of our B420 gDNA as 

a standard.   
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Figure 4.1: PCR Standard Curve: A. Dilution curve of standard B420 gDNA 

on agarose gel with B420 and internal control, 16S, primers. Dilution ranges from 

100 ng to 0.001ng of gDNA. B. Bar graph of relative intensity of bands from 

agarose gel. C. Regression analysis of relative intensity of B420 and 16S bands. 
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Figure 4.2: Real-Time PCR Standard Curve: A. Dilution curve of standard 

B420 gDNA via Real-Time PCR with B420 primers. Dilution ranges from 100ng 

to 0.001ng of gDNA B. Dilution curve of standard B420 gDNA via Real-Time 

PCR with internal control, 16s, primers. Dilution ranges from 100ng to 0.001ng of 

gDNA. C. Bar graph of results from dilution curves. Measured by relative 

intensity, units are arbitrary. D. Regression analysis of relative intensity of B420 

and 16S signals. 
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Single Administration: PCR and Real-Time PCR Tracking 

 To determine transit time of the probiotic, mice were administered 1 

billion CFU of B420 probiotic in 300𝜇l of saline via oral gavage. Mice were 

sacrificed, and small and large intestines were removed at designated time points 

(15 minutes, 2 hours, 4 hours, and 8 hours) following probiotic administration. 

The intestinal tract was cut into 6 sections (duodenum, jejunum, ileum, cecum, 

proximal colon and distal colon) and digesta was extracted separately from each 

section. PCR was used to determine B420 gDNA presence. At 15 minutes, 

presence of B420 was concentrated within the small intestine, (Figure 4.3). At 2 

hours, presence of B420 gDNA had shifted and was detectable throughout all 

sections of the small and large intestine. At 4 and 8 hours, B420 was still present 

at all points along the GI tract, albeit with lower levels of presence. 

 To better quantify B420 presence, we ran real-time PCR and used our 

B420 standard to determine the amount of B420 gDNA in our sample. Results, 

shown in Figure 4.4, were similar to those seen with end-point PCR. B420 

presence was high in the small intestine at early time points (15 minutes and 2 

hours) but fell to low levels at the 4 and 8-hour time points (Figure 4.4B). In the 

large intestine, B420 signal peaked at 2 hours and dropped moderately at 4 hours 

(Figure 4.4C). At 8 hours, signal in the cecum and proximal colon dropped 

further but signal in the distal colon remained similar to the 4-hour time point. 

Results show a quick passage of B420 through the GI tract. 
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Figure: 4.3: Single Administration- PCR: A. Agarose gels of gDNA from 

mouse digesta: 15 min, 2hrs, 4hrs, and 8hrs after B420 administration. Results are 

shown by section of GI tract: duodenum (D), jejunum (J), Ileum (I), Cecum (C), 

Proximal Colon (PC), and Distal Colon (DC). PCR ran with B420 and 16s 

primers. N=1 for each time point. B. Bar graph of relative intensity of bands in the 

small intestine. C. Bar graph of relative intensity of bands in the large intestine. 

Units are arbitrary. 
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Figure 4.4: Single Administration- Real-Time PCR: A. Bar graph of B420 

gDNA signal: 15 min, 2hrs, 4hrs, and 8hrs after B420 administration, as measured 

by real-time PCR. Shown by region of GI tract. B. Line graph of B420 gDNA 

signal in small intestine. Shown by time. C. Line graph of B420 gDNA signal in 

large intestine. Shown by time. N=1 for each time point. 
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10-Day Administration: PCR and Real-Time PCR Tracking 

 Considering the quick transit time of the probiotic following a single 

administration, we wished to investigate the effects of continual dosing. To do 

this, mice were administered 1 billion CFU of B420 probiotic via oral gavage for 

10 consecutive days. After 10 days, probiotic administration was discontinued. 

Intestinal tracts were excised 15 minutes, 24 hours, 48 hours, and 144 hours from 

the final administration. At the designated time points, gDNA was isolated from 

digesta, as previously described. As done in the earlier experiment, PCR was 

initially performed on these samples.   

  At the 15-minute time point, probiotic was present throughout all sections 

of the GI tract (Figure 4.5). Considering the lack of probiotic presence in the 

large intestine 15 minutes after a single administration (Figure 4.3), this suggests 

there was residual probiotic in the large intestine from previous days 

administrations. 24 hours after discontinuation of B420 administration, B420 was 

still present in all sections of the digestive tract, but the signal was reduced. 

Lastly, at 48 and 144 hours (2 and 6 days, respectively) presence of the probiotic 

was still detectable on an agarose gel. However, banding was faint, and the signal 

was greatly reduced compared to earlier time points (Figure 4.5). 
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Figure: 4.5: 10-day Administration PCR: A. Agarose gels of gDNA from 

mouse digesta: 15 min, 24hrs, 48hrs, and 144hrs after discontinuation of B420 

administration. Results are shown by section of GI tract: duodenum (D), jejunum 

(J), Ileum (I), Cecum (C), Proximal Colon (PC), and Distal Colon (DC). PCR ran 

with B420 and 16s primers. B. Bar graph of relative intensity of bands in the 

small intestine from agarose gel. C. Bar graph of relative intensity of bands in the 

large intestine from agarose gel. Units are arbitrary. N=1 for each time point. 
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Figure 4.6: 10-Day Administration Real-Time PCR: A. Bar graph of B420 

gDNA signal: 15 min, 24hrs, 48hrs, and 144hrs after discontinuation of B420 

administration, as measured by real-time PCR. Shown by region of GI tract. B. 

Line graph of B420 gDNA signal in small intestine. Shown by time. C. Line 

graph of B420 gDNA signal in large intestine. Shown by time. N=1 for each time 

point. All graphs are shown using a log scale.  
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After completion of end-point PCR, we again used qPCR to quantify 

amounts of B420 gDNA seen at the selected time points. In the small intestine, 

Figure 4.6B, B420 signal was highest 15 minutes after the final B420 

administration. After 24 hours, B420 presence had dropped by nearly 100-fold in 

the small intestine compared to the 15-minute time point (0.00167ng vs. 

0.3766ng) (Figure 4.6B, log scale utilized for clarity). At 48 and 144 hours after 

discontinuation of treatment, only minimal amounts of B420 gDNA were present 

throughout all sections.  

In the large intestine, there was a limited amount of residual B420 gDNA 

present at the 15-minute time point (Figure 4.6C). At 24 hours, there was B420 

gDNA present in the large intestine at relatively low quantities, similar to the 

amount seen at the 15-minute time point (Figure 4.6C). In the same manner as 

the small intestine, B420 gDNA was limited to small amounts 48 hours after 

discontinuation of probiotic administration. Lastly, B420 gDNA remained 

detectable at 144 hours (6 days) post-treatment in the large intestine but again at 

trace amounts.  

 A summary of the results from both the single dose and 10 days of 

consecutive dosing are presented in Table 4.1. This summary shows quick 

passage of B420 following single dose and only transient presence of B420 

following 10 days of administration.  
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Table 4.1: B420 Presence in GI Tract: A. Summary of results from single dose 

administration of B420. B. Summary of results from 10 days of consecutive 

dosing of B420. N=1 for all of the above time points. 
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Discussion 

The GI tract is a large organ (well over 20 feet in humans) with a variety 

of different environmental conditions. Changes in pH, bile acid concentration, 

nutrient availability, and oxygen drive differential growth of commensal bacterial 

populations. How these conditions affect localization and actions of probiotics is 

not well described. Previously, our lab has shown that pre-treatment with the 

probiotic, B420, decreases infarct size (48. Danilo 2017). To further explore the 

effects of B420 administration, we chose to track B420 transit through the 

intestinal tract of mice. Results from this tracking study show that after a single 

administration B420 is passed quickly though the GI tract. Furthermore, 10 

consecutive days of B420 dosing does not lead to colonization of the probiotic in 

the GI tract and 48 hours after discontinuation of treatment B420 presence is 

reduced to minimal amounts in small and large intestines. 

 

Single Administration 

Results show that at 15 minutes post-administration probiotic presence is 

localized in the small intestine. At 2 hours, probiotic presence had shifted to the 

large intestine, albeit with a large amount still detectable in the ileum. At later 

time points, 4 and 8 hours, probiotic presence was mostly localized to the large 

intestine, with minimal amounts found in regions of the small intestine.  

For the most part, these results are in line with what we anticipated 

following a single dose. The probiotic was administered through oral gavage as a 

freeze-dried powder suspended in saline. Given this liquid formula, transit of the 
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bacteria should be similar compared to food formulations. Secondly, the probiotic 

is indigestible and should continue through to the small intestine relatively 

unperturbed. In the terminal ileum, peristalsis and transit slows compared to the 

duodenum and jejunum (102. Maurer 2016). Therefore, a buildup of the probiotic 

in the large intestine at later time points is not surprising.  One study, using radio-

labeled activated charcoal to explore GI transit in mice found similar results. At 

early time points (10 minutes and 1 hour), only the stomach and small intestine 

were labeled, but at later time points (6 and 8 hours) the full length of the large 

intestine was labeled (103. Padmanabhan 2013)  

Perhaps the most interesting results from this experiment was that at 8 

hours the greatest amount of B420 gDNA was found in the distal colon. In fact, 

only the distal colon contained amounts of B420 gDNA similar to what was seen 

at 2 and 4 hours. In mice, the majority of commensal bacteria are found in the 

cecum, thus it was surprising that a greater amount of probiotic was not found 

there. This suggests that the vast majority of the probiotic is excreted rather 

quickly and only a small amount of the originally administered probiotic remains 

present following a single administration. 

 

10-day Administration 

Given the quick transit of B420 following a single administration, we 

wished to investigate how 10 consecutive days of treatment would affect B420 

presence in the GI tract. 15 minutes after final gavage, the majority of B420 

gDNA was found in the small intestine but there was a residual amount in the 
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large intestine from prior days administration. However, this residual amount was 

small compared to the amount seen in the small intestine and implies very little 

accumulation of B420 as a result of daily dosing. 

Results from the 24-hour time point showed that total presence of B420 

gDNA was greatly diminished throughout the small and large intestines. The 

greatest amounts were detectable in the cecum and proximal colon, but these 

amounts were 100-fold less than peak amounts seen following gavage. Given this, 

the vast majority of the probiotic was excreted within 24 hours after 

discontinuation treatment.  

48 hours after final gavage, B420 gDNA levels were diminished to all but 

trace amounts. Presence was detectable at all sections of the small and large 

intestine. The signal, however was over 1000-fold less than peak values seen after 

gavage. Lastly, the 144-hour time point was very similar to the 48-hour time point 

with B420 gDNA detectable at all sections of the GI tract but at trace amounts. 

Results of the 10-day administration point to only a transient residence of 

the probiotic in the GI tract. In our study, all but trace amounts of the probiotic 

were excreted within 48 hours of administration and after just 24 hours B420 

gDNA presence was 100-fold less than what was seen immediately following 

administration. This suggests that very little probiotic remains in the GI tract 

following a digestive cycle. Interestingly though, there was some B420 gDNA 

presence in all sections of the intestinal tract 2 and 6 days after completion of 

treatment. Therefore, there must have been some residual probiotic remaining 



	 81	

from treatment. Determining if this amount is still physiologically relevant would 

be of interest. 

 Past research using fecal samples supports our results, as well. The 

recovery rate of a Bifidobacterium strain in human stool samples was reported to 

be near 30% of the ingested dose (104. Bouhnik 1992), which is similar to the 

percentage of probiotic that survives passage through the stomach (69. 

Bezkorovainy 2001), suggesting limited retention of administered probiotic. 

Furthermore, most studies report losing presence of the probiotic within a week 

after probiotic ingestion is stopped (77. Alander 2001, 104. Bouhnik 1992; 74. 

Gerritson 2011). 

These results have important implications for uses and understanding of 

the probiotic. First, colonization is not necessary to achieve the desired effect of 

probiotic supplementation. Our lab has shown that supplementation with the 

probiotic used here, B420, has a cardio-protective effect following MI. However, 

B420 did not colonize the mouse GI tract and is found in limited amounts soon 

after stopping treatment. Therefore, transient presence of the probiotic must be 

sufficient to produce this cardio-protective effect. Along with this, we did not see 

a strong cumulative effect of daily administration. Thus, a relatively small amount 

of the probiotic (compared to what was administered) must be responsible for the 

observed benefits.  

This leaves a couple possibilities when considering the mechanism of 

action. It is possible that the metabolic activity of B420 as it is passed through the 

GI tract is sufficient to elicit this cardio-protective effect. However, given the 
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relatively low amount of probiotic that persists in the GI tract, it may be more 

likely that the presence of B420 induces a shift in the functionality of the host gut 

microbiota, which in turn produces this cardio-protective effect. 

 Regardless of the exact mechanism of action, continual dosing of the 

probiotic is likely needed to maintain its effects. In an ideal situation, probiotic 

supplementation would result in colonization of the GI tract and we could see 

long-term benefit to short-term administration. However, current evidence 

indicates that permanent colonization of a non-commensal probiotic in the GI 

tract is not feasible and benefits will only last as long as supplementation.  

Before concluding, it is important to note that data presented in this 

chapter was limited to one mouse for all time points. Along with this, transit and 

stability of probiotic in the GI tract likely varies from strain to strain.  This project 

was exploratory in nature and allowed for better characterization of B420 transit 

through the GI tract. To broaden applicability of results, an increase in sample 

size and use of multiple strains is necessary.  

In summary, we have shown that supplementation with the probiotic, 

B420, transiently increases probiotic gDNA presence in the intestinal tract. 

However, after cessation of treatment presence is rapidly lost and only trace 

amounts of probiotic are seen after 48 hours. Future research looking into the 

exact location where probiotics exert their actions (small vs large intestine) and 

how long probiotic presence in the GI tract remains physiologically relevant 

following cessation of treatment should be considered.  
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Chapter 5: General Discussion, Speculations, and 

Future Directions 

In the previous chapters of this thesis, I have reviewed relevant literature 

and presented data on two projects investigating the effects of probiotic 

supplementation. The first and main project, showed that Lactobacillus reuteri 

supplementation reduced cardiac damage in an ischemia/reperfusion model in 

LDLr KO and wild-type mice. The second project involved tracking the probiotic, 

Bifidobacterium animalis subspecies lactis 420 (B420), through the intestinal tract 

and found that B420 presence in the GI tract is transient and lost rapidly following 

cessation of treatment. This final chapter will involve a general discussion of 

these results as a whole, speculation on possible mechanisms of cardio-protection, 

and future directions for research.  

 The primary outcome reported in this thesis was the reduction of cardiac 

damage in LDLr KO and wild-type mice with L. reuteri treatment. L. reuteri was 

chosen for its reported anti-inflammatory effects, which are similar in nature to 

the anti-inflammatory effects of the cardio-protective probiotic B420. In this 

respect, it is not surprising that we observed cardio-protection. Other studies have 

also shown that manipulation of the gut microbiota, either by adding beneficial 

bacteria or removing harmful, can improve cardiac outcomes post-MI (47. Lam 

2012, 48. Gan 2014). However, it is important to note that in the aforementioned 

study by our lab (48. Danilo 2017), supplementation with another anti-

inflammatory probiotic Lactabacillus salivarus-33 had no effect on MI size. In 
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totality, these results indicate that cardio-protection is not unique to a single 

probiotic strain but rather a product of improving the health and functionality of 

the gut microbiota. However, not all probiotics are effective in performing this 

task. 

The question that then arises from these observations is, what are the exact 

mechanisms of cardio-protection are? Little work has been done in this area, but 

our lab found that Treg cells were necessary for maintaining cardio-protection with 

B420 supplementation. Particularly, this was attributed to an increase in H3 

histone acetylation of Treg cells, which points to an enhanced functionality of Treg 

cells. While this is the extent of our lab’s research with Treg cells, other literature 

supports Tregs as an intriguing candidate for the link between the gut microbiota 

and cardio-protection. Specifically, because the important role Treg cells play in 

post-MI repair and the fact that their development and functionality can be 

affected by gut-derived metabolites.  

As reviewed in the introduction, Treg cells have been shown to decrease the 

size of the inflammatory response and attenuate left-ventricular damage post-MI 

(35. Matsumoto 2011, 36. Tang 2011). This affect has been attributed to Treg cells 

hastening the transition from the inflammatory to reparative phase post-MI, via 

stimulation of M2-like reparative macrophages (37. Weirather 2014). Importantly, 

we also know that Treg differentiation can be stimulated by the presence of SCFAs 

in vitro and in vivo (16. Furusawa 2013, 31. Arpaia 2013). Furthermore, there is 

significant research investigating mechanisms by which SCFAs may stimulate 

Treg differention. 
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The most well studied mechanism focuses on the ability of SCFAs to 

function as inhibitors of histone deacetylases (HDACs) (105. Davie 2003, 106. 

Park 2014). SCFAs are inhibitors of Class IIA and Class I HDACs. Class IIA 

includes HDAC7 and HDAC9, which both modify acetylation of the forkhead-

winged helix P3 transcription factor (FoxP3) gene and suppress Treg cell 

proliferation (107. deZoeten 2010, 108. Tao 2007). To this point, SCFAs (in 

particular butyrate) have been shown to increase acetylation at histone H3 and 

conserved non-coding regions of the FoxP3 gene, leading to increased expression 

of the FoxP3 gene (16. Furusawa 2013). This also aligns with increased Treg 

histone H3 acetylation seen in B420 treated mice (48. Danilo 2017). In general, 

SCFAs appear to function by increasing acetylation of lysine residues (109. Yang 

2010). Interestingly, acetylation of lysine residues on the forkhead domain of the 

FoxP3 gene enhance Treg function, while mutations preventing lysine acetylation 

on the forkhead domain impair Treg function. (110. Liu 2012, 108. Tao 2007). 

These results point to gut-derived SCFAs as a key figure in modulation of Treg 

differentiation and activity through their actions as HDAC inhibitors. 

One other action that is well studied, is SCFA binding of G-protein 

Coupled Receptors (GPCRs). SCFAs are known ligands for two GPCRs, GPR41 

(free fatty acid receptor 3) and GPR43 (free fatty acid receptor 2) (111. Ulven 

2012). GPR41 is expressed on a number of cell types, including vagal ganglia 

(112. Nøhr 2015), and SCFAs can regulate neural activity through the binding of 

GPR41 (122. Kimura 2011). On the other hand, GPR43 is highly expressed in 

immune cells (111. Ulven 2012) and agonists for GPR43 can modulate activity of 
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the inflammatory pathway, nuclear factor-ℵB (NF-ℵB) (113. Lee 2013). 

Therefore, both receptors offer possible avenues through which SCFAs could 

induce systemic effects. However, SCFAs are absorbed into cells regardless of 

receptor presence and can function as HDAC inhibitors independent of GPR43 or 

GPR41 binding (106. Park). Thus, GPR41 and GPR43 likely play a role in 

mediating the effect of SCFAs but are not required for all the actions of SCFAs 

Continuing with this focus on SCFAs, the two probiotic strains we have 

found to be cardio-protective, B420 and L. reuteri, are reported to enhance 

production of SCFAs (114. Stenman 2016, 115. Stewart 2009). However, our lab 

has not yet shown an increase in intestinal SCFA production in probiotic 

administered mice to match this. An increase in SCFAs production by the gut 

could be the link between the gut, Treg cells, and cardio-protection. However, this 

remains speculative at this point in time and future work looking at production of 

SCFAs in rodents would be informative.   

Cardio-protection could be offered by a different mechanism or a 

combination of mechanisms. The gut microbiota produces a number of 

biologically active metabolites that affect multiple organ systems. One such organ 

system is the nervous system. Signaling between the gut and brain is bidirectional 

in nature and it has been suggested that gut health could alter cognition, emotion, 

and behaviors (116. Mayer 2011). In respect to our research, the vagus nerve 

(cranial nerve X) could be of particular importance. The vagus is a 

parasympathetic nerve of the autonomic nervous system that innervates both the 

heart and gut and regulates heart rate and gut motility (117. Cryan 2012). Along 
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with these responsibilities, the vagus nerve bears importance in cardiac repair 

post-MI. Multiple studies have shown that increased vagal stimulation decreases 

damage post-MI (118. Uitterdijk 2015, 119. Uemera 2010).  

The mechanism by which the gut can regulate vagal activity is not fully 

described but is likely mediated by gut-derived metabolites. The vagus nerve has 

shown to be necessary for positive effects elicited by various probiotics and vagal 

ganglia do express GPR41 (120. Bravo 2011, 121. Bercick 2011, 112. Nøhr 

2015). Thus, SCFAs may again play a possible role in observed effects on the 

nervous system. However, the gut does produce a number of other neurologically 

active compounds, like GABA and serotonin precursor tryptophan (123. Lyte 

2011, 117. Cryan 2012). Moving forward, impact of probiotics on vagal activity 

may provide interesting areas of research in relation to cardiac repair post-MI.  

Operating under the condition that gut derived metabolites are the key to 

cardio-protection, it begs the question whether the probiotic itself is responsible 

for the production of these metabolites or if probiotic presence elicits a change in 

the production of metabolites by the host microbiota. Considering what is known 

about changes in the functionality of the host microbiota and success with fecal 

transfers, it seems more likely that the host microbiota is the key player. 

Furthermore, the fact that probiotic presence is only transient in the GI tract and 

that the majority of administered probiotic is excreted rather quickly, seems to 

lend further credence to this idea. These and previous speculations are all key 

areas of interest for future research. 
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Future Directions  

Given the gaps in knowledge surrounding probiotics and their effects, 

significant research will be required to better understand their mechanisms of 

action and potential for therapeutic use. Strain specific effects and variability in 

diet makes it difficult to draw broad conclusions on probiotics from previous 

research. Thus, future work should be aimed at better describing the influence of 

cardio-protective strains at the gut level. 

To clarify effects and discern what changes are relevant a three-pronged 

approached should be considered. First, genomic profiling of the gut microbiota is 

needed to provide insight into demographic changes in the microbial community 

as a whole. It is well understood that probiotics induce changes in gut 

demographics, but there are likely strain specific differences in these changes. 

Comparing differences in these effects will lay ground-work for understanding 

systemic differences. With that said, genomic profiling alone does not capture 

changes in functionality of the gut microbiota. Thus, transcriptomic profiling 

offers the next logical step. Identifying changes in enzymatic expression of the 

gut microbiota will help to clarify which genomic changes are relevant in altering 

functionality. Ultimately, alterations in functionality lead to differential 

production of gut-derived metabolites, which are the root of the systemic effects. 

With this in mind, the final step would be to perform metabolomic profiling of the 

gut and regions of interest. Metabolomic profiling would definitively show how 

supplementation with these cardio-protective probiotics affects the production of 
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gut-derived metabolites. In isolation, these profiling methods only capture a 

partial image and leave many questions unanswered. Together, however, they can 

be used to determine which individual changes are relevant and how they 

contribute to the observed systemic effect. Understanding changes at all these 

levels, and interplay between these levels, would offer a greater mechanistic 

understanding of probiotic effects and offer a more targeted approach for the use 

of probiotics. 

Inherently, there are multiple technical, financial, and logistical challenges 

in executing these studies. Other strategies may offer similar insight into the 

questions at hand without such constraints. Considering the work done in our lab 

and evidence in the literature, prebiotic supplementation, microbiota transfers, and 

use of heat-killed bacteria may offer alternative avenues of research. These 

designs could all be utilized to clarify similar, albeit slightly different issues of 

metabolite production and the role of the host microbiota in cardio-protection. 

Prebiotics are non-digestible food ingredients that stimulate the activity of 

certain bacteria intestinal tract, with common examples being inulin and 

oligofructose (124. Slavin 2013). While these prebiotics cannot be utilized by the 

mammalian GI tract, they can be fermented by intestinal bacteria to produce a 

number of compounds, including SCFAs. Therefore, prebiotics offer an 

alternative approach to increasing SCFA production in the gut. Furthermore, 

probiotics used in combination with prebiotics can augment the production of 

SCFAs (115. Stewart 2009). Thus, it could be interesting to see if prebiotics alone 
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or a prebiotic/probiotic combination could alter or enhance cardio-protection post-

MI.  

Gut microbiota transfers could also answer questions regarding the gut 

microbiota’s role. Microbiota transfers from mice treated with a cardio-protective 

strain to untreated mice would clarify the direct role of the probiotic. Lack of 

cardio-protection following a microbiota transfer would implicate the probiotic 

presence as necessary. Alternatively, sustained cardio-protection would support 

the host microbiota as the necessary component. 

Lastly, administering heat-killed probiotics could determine whether 

metabolic activity of the probiotic is necessary in cardio-protection. In some 

cases, research has shown that heat-killed probiotics are sufficient for producing 

the desired systemic effect (66. Ting 2015). Whether this be through direct 

interaction with the host immune system or through probiotic presence altering 

functionality of the host microbiota would need to be determined. Regardless, 

administration of a heat-killed probiotic would help elucidate the role of probiotic 

metabolism in cardio-protection. 

In summary, this thesis has presented research showing that 

supplementation with a probiotic, Lactobacillus reuteri, attenuates cardiac 

damage post-MI. Additionally, tracking of a different cardio-protective strain, 

Bifidobacterium animalis subspecies lactis 420 (B420), has shown that presence 

in the GI tract is transient and lost rapidly following cessation of administration. 

Results have increased our knowledge of the effects of probiotic supplementation 

on cardio-protection in an ischemia/reperfusion model. Further work is required 
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to better understand how these probiotics directly affect the gut microbiota and 

how this leads to subsequent cardio-protection. Despite these gaps in knowledge, 

probiotic supplementation and manipulation of the gut microbiota remains a 

promising tool for promoting cardiac health.  
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