Western University

Scholarship@Western

Western® Graduate& PostdoctoralStudies

Electronic Thesis and Dissertation Repository

7-4-2014 12:00 AM

Probiotic therapy for heart failure: Investigating the potential anti-
hypertrophic properties of probiotics

Grace L. Ettinger
The University of Western Ontario

Supervisor
Dr. Gregor Reid
The University of Western Ontario

Graduate Program in Microbiology and Immunology
A thesis submitted in partial fulfillment of the requirements for the degree in Master of Science
© Grace L. Ettinger 2014

Follow this and additional works at: https://ir.lib.uwo.ca/etd

b Part of the Bacteriology Commons, Cardiovascular Diseases Commons, and the Other Microbiology

Commons

Recommended Citation

Ettinger, Grace L., "Probiotic therapy for heart failure: Investigating the potential anti-hypertrophic
properties of probiotics" (2014). Electronic Thesis and Dissertation Repository. 2173.
https://ir.lib.uwo.ca/etd/2173

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of
Scholarship@Western. For more information, please contact wiswadmin@uwo.ca.


https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/etd
https://ir.lib.uwo.ca/etd?utm_source=ir.lib.uwo.ca%2Fetd%2F2173&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/49?utm_source=ir.lib.uwo.ca%2Fetd%2F2173&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/929?utm_source=ir.lib.uwo.ca%2Fetd%2F2173&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/54?utm_source=ir.lib.uwo.ca%2Fetd%2F2173&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/54?utm_source=ir.lib.uwo.ca%2Fetd%2F2173&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/etd/2173?utm_source=ir.lib.uwo.ca%2Fetd%2F2173&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wlswadmin@uwo.ca

PROBIOTIC THERAPY FOR HEART FAILURE: INVESTIGATING THE POTENTIAL
ANTI-HYPERTROPHIC PROPERTIES OF PROBIOTICS

(Thesis format: Monograph)

by

Grace Ettinger

Graduate Program in Microbiology and Immunology

A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science

The School of Graduate and Postdoctoral Studies
The University of Western Ontario
London, Ontario, Canada

© Grace Ettinger 2014



Abstract

Heart failure patients face a five-year 50% mortality rate, due to impaired cardiac function
and hypertrophy of the heart. Probiotics are live microorganisms which when administered in
adequate amounts confer a health benefit on the host. Considering the established
cardiovascular benefits of some probiotics, including reduction of cholesterol and
hypertension, it was hypothesized that probiotics can improve outcomes of heart failure.
Probiotics or controls were administered orally to an animal model for heart failure. Those
receiving probiotics showed a significant improvement in cardiac hypertrophy and an
attenuation of heart failure compared to control. No changes in gut microbial composition
occurred. An in vitro model for cardiomyocyte hypertrophy examined the mechanistic action
of probiotics in preventing cardiac hypertrophy. Studies showed that probiotics confer a
direct anti-hypertrophic benefit to cardiomyocytes. These results support the hypothesis that
probiotics can improve outcomes of heart failure and present a novel treatment strategy for

heart failure.
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Chapter 1 : Introduction



1 Focus of the thesis

The purpose of this research was to investigate the potential for probiotic lactobacilli as a
therapy for heart failure. While research has shown that lactobacilli can influence
cardiovascular health through modulating cholesterol and inflammation, a study showing
that pretreatment of animals with probiotic Lactobacillus could ameliorate damage
caused by coronary artery ligation injury and subsequent perfusion, formed the impetus
for the present thesis. Until our work, no studies had tested whether probiotic
administration post-ligation injury could improve outcomes of heart failure. Therefore,
the focus of the thesis was a series of in vivo and in vitro experiments that explored the
ability of probiotic Lactobacillus to reduce the hallmark features of heart failure, namely
ventricular remodeling and the associated cardiac hypertrophy, and to investigate what

mechanism may be involved.

1.1 Heart anatomy and physiology

The human heart is a muscular pump comprised of 4 chambers: The left and right atria,
and the left and right ventricles. Deoxygenated and nutrient-poor blood is delivered to the
heart from the superior and inferior vena cava into the right atrium. Atrial systole pushes
blood from the right atrium through the tricuspid valve and into the right ventricle.
Ventricular systole pumps blood through the pulmonary valve into the pulmonary artery,
and blood eventually reaches the lungs for gas exchange. Oxygenated blood then returns
to the heart through the pulmonary vein into the left atrium. Atrial systolic contractions
push blood through the bicuspid valve into the left ventricle (LV). The LV is the largest
and strongest chamber of the heart, and is responsible for pumping oxygenated blood into
the aorta during ventricular systole contractions. The aorta then bifurcates and delivers

oxygenated blood to tissues throughout the body.

Rhythmic muscle contractions are an involuntary event controlled by electrical impulses
originating from the sinoatrial (SA) node in the right atrium. The atrial ventricular (AV)
node relays the impulses to the Purkinje fibers of the right and LV, which coordinate
ventricular systole. In ventricular diastole, muscle relaxation and reduced volume of

blood in the ventricles allows blood to passively flow from the atria through the tricuspid



and bicuspid valves into the right and LV respectively. This change in pressure triggers
atrial systole, and the contraction forces the remaining blood out of the atria. Ventricular
filling completes the cardiac cycle, and after the diastolic relaxation period, ventricular
systole occurs again through electrical impulses from the SA node.

The muscle tissue of the heart is called the myocardium. It is a thick, middle layer of
heart tissue enclosed by the external-most and protective pericardial layer, and the inner-
most endocardium. The basic cellular unit of the myocardium is the single-nucleated
cardiomyocyte. These form striated chains of sarcomeres — the basic contractile unit of
cardiac muscle. Repeating sections of sarcomeres, make up myofibrils — the basic unit of
muscle. Similar to skeletal muscle, the striation of sarcomeres is formed by alternating
thick and thin protein filaments, actin and myosin. Involuntary electrical impulses
originating at the SA node cause a depolarization of the cardiomyocyte membrane,

opening calcium ion channels.

Muscle contraction is triggered by an influx of calcium ions, allowing myosin to bind to
actin. This causes a shortening of the sarcomere, similar to the sliding filament model in
skeletal muscle. The repolarization of cellular calcium ion concentration across the
membrane causes myosin to unbind actin, resulting in muscle relaxation. Coordinated
contraction and relaxation of the myocardium allows for steady movement of blood in
and out of the chambers of the heart. This rhythmic flow of blood is required to sustain
life. As tissues throughout the body continuously consume oxygen and nutrients, it is
essential for blood to properly replenish this supply. Any mechanical dysfunction in
blood flow presents serious implications to the patient. A cardiovascular even causing a
limited oxygen supply to the heart can result in impaired cardiac function and blood
pumping. Decreased cardiac output overall puts a patient at a major health risk.

1.2 Methods for cardiovascular research

Cardiovascular research involves methods and avenues of research that range from
cardiomyocyte cell culture to human clinical trials. Each has its own unique advantages,

disadvantages and appropriate applications.



1.21 Cell culture

Since the first isolation of the perfused mammalian heart in 1895, advances in cell culture
techniques have allowed direct manipulation of cardiomyocytes and provide a wealth of
knowledge in cardiac physiology!. The obvious advantage of using cardiomyocyte cell
culture is the increased versatility, reduced cost, and convenient methodology as
compared to animal or clinical studies!. While immortalized cardiac cell lines,
carcinoma cells, and embryonic cardiac cell lines are available, the use of primary cells
has more physiological relevance to animal studies®. Cardiomyocyte isolation, culture,
and maintenance has brought insight on cellular structure and physiology using
techniques such as microscopy, electrophysiology, calcium imaging, RNA and protein
biochemistry, and immunohistochemistry®. Primary cardiomyocytes isolated from murine
animals are most commonly used because the murine model is a widely accepted small
animal cardiac model*®, the animals are easy to handle, relatively inexpensive, and
produce a sufficient amount of cells that can be used for studies within 24 hours of
isolation2. Primary cardiomyocytes are isolated from either the neonatal or adult heart,
both of which cell types are highly differentiated non-regenerating®3’. This allows for
pharmacological and molecular manipulation in a controlled environment without the
interference of cell division or the influence of other cell types. A caveat is the need to
harvest fresh cells for each experiment without the convenience of passing and storing
cells. Two of the major differences between the neonatal and adult cardiomyocytes lie in
isolation techniques and their distinct adaptations to culture conditions. Litters of 10-20
pups are often sufficient for neonatal cardiomyocyte studies and are less expensive than
adults®. Neonatal cardiomyocytes are generally described as easier to harvest and culture
than adult cardiomyocytes because they are less sensitive to Ca?" in the isolation
medium?’®, Neonatal cardiomyocytes attach readily to culture dishes and adapt quickly
to culture conditions, as evidenced by the beating of cells as early as 2-3 days after
plating”®. This is advantageous and important because experimentation can begin soon
after isolation, minimizing the length of time required in culture. Consistent isolation
methods and culture conditions are essential for neonatal cardiomyocyte culture because,
depending on the age of the cells, they can still possess some embryonic gene expression

and might divide in culture®°. The gene expression and protein production of these



immature and mitotic neonatal cardiomyocytes is different from their post-mitotic adult
counterparts, therefore comparing cells from different cultures types should be taken with
care}%19, Ideally the experimental design for neonatal cardiomyocyte studies requires
isolation of cardiomyocytes from litters of the exact same age and identical culture
conditions. Once this is controlled for, neonatal cardiomyocytes are very useful tools for
cardiovascular research. They respond to pharmacological and physiological treatments
similar to adult cardiomyocytes, and are widely used for gene and protein expression,
histological, and contractility experiments?.

Adult cardiomyocytes represent mature, differentiated heart cells that must undergo
elaborate cytoskeletal adjustments in culture’. This makes them less flexible in cell
culture, but without the complication of potential mitotic activity. Isolated adult
cardiomyocytes are commonly used to model cardiac ischemia and hypoxia, as well as
contractile mechanics, gene and protein expression, and electrophysiology®. These cells
also have the advantage of representing the in vivo cardiac model closer than neonatal

cardiomyocytes, as in vivo rat experiments are usually performed on adults.

1.2.2  Animal models

The ideal animal model for cardiovascular research is one that closely mimics the
anatomy and physiology of the human heart and responds to stimuli similar to humans®.
Factors such as phylogenetics, size, life span, cost, and development of end-stage

diseases are all important when choosing an animal model for cardiovascular research.

The use of large animals presents several advantages and disadvantages. Large animal
models are physically, and in some cases phylogenetically, closer to humans than small
animal models, making studies more physiologically relevant*®. Larger animals are often
easier to perform surgical procedures and imaging assessments, 1* however, their longer
life span and high cost of maintenance makes them very expensive and time consuming

to use®.

Small animal models are popular for cardiovascular research primarily because they are

inexpensive, convenient to house and maintain, have a relatively short gestation period,



and therefore can produce large sample sizes over a short period of time!*2, The rat, in
particular, is one of the most popular models as its size compared to mice makes it easier
to perform open-chest surgical procedures such as coronary ligation, as well as MRI and
echocardiography imaging and the use of conductance catheters?. However, with the
development of transgenic and knock-out mouse strains, the murine model is often used
to investigate novel targets for pharmacological and molecular therapy*2. Blood pressure
monitoring is feasible in rats and mice using the tail-cuff method, whether other rodent
models without a long tail, such as the guinea pig, are more difficult to use for these types

of measurements.

1.3 Overview of cardiovascular disease

Cardiovascular disease (CVD) is defined as a group of disorders of the heart and the
blood vessels that supply the heart, brain, and extremities'®. CVD is accompanied by a
myriad of symptoms and dysfunctions, from hypertension to cardiomyopathy. Its
prevalence is increasing across the globe?3, representing an immense burden to health
care systems. In Canada, CVD is the leading cause of hospitalization and accounts for 29
per cent of all deaths per year!*. Treating CVD costs the Canadian economy $21 billion
per annum®®. The steady increase in CVD cases internationally is largely attributed to an
imbalanced or poor diet and sedentary lifestyle!. Overnutrition and lack of regular
physical activity leading to obesity have negative consequences for the heart'®, While
widespread campaigns for awareness and the promotion of improved diet and lifestyle
habits are among the principal strategies for reducing this trend, from a clinical
perspective, innovative approaches are needed to help prevent, intervene, and manage
CVD. Heart failure (HF) is defined as “the inability of the heart to pump a sufficient
amount of blood to meet the demands of the body at normal filling pressures”®. HF is a
complex syndrome and in many cases is considered the final outcome of several
manifestations of CVD. Myocardial infarction (MI) or heart attack, coronary heart
disease, hypertension and chronic inflammation, are all examples of confounding factors

that instigate and perpetuate HF.



1.3.1  Risk factors and prevalence of heart failure

The rate of mortality from CVD has decreased over recent years, due to improved acute
medical care, primarily rapid reperfusion'’. However, the irreversible damage to the heart
associated with coronary heart disease and M1 resulting in death of tissue, places patients
at high risk for HF. As a result, there are a growing number of patients surviving MI but
at high risk of HF. The prevalence of HF increases with age: 1 percent of Canadians over
65 and 4 percent of Canadians over 70 have HF'®. With the ageing trend of the Canadian
population, HF will impact the lives of many people in the years to come. Currently in
Canada, 55,000 individuals are diagnosed with HF yearly, joining the half million already
living with the condition'®. Once HF has manifested, the prognosis is bleak: 50 percent of
patients will die within the first five years of diagnosis®®. One explanation is that a
portion of patients do not visit the doctor until the pathologies become symptomatic and
affect their everyday life. By then, the disease has progressed into later stages of HF with
irreversible damage. Research into mechanisms for reversing the many features of HF is
of great interest, as the standard treatments today are generally unable to rescue the
damage caused by MI and HF, and instead are targeted at reducing co-morbidities of HF,
including hypertension and arrhythmia. For these reasons, novel approaches to preventing

HF are desired.

1.3.2  Symptoms and the diagnosis of heart failure

The pathologies of heart failure can be acute, but by-and-large they manifest as a chronic
deterioration of heart function®®. Several criteria and classification systems are
recognized for diagnosing HF*°. The New York Heart Association (NYHA) classification
is the most commonly used system based on self-reports of patient’s daily activities and
quality of 1ife?’. Physicians classify patients with heart failure into 4 categories (1-1V),
from stage | representing mild, asymptomatic HF without any limitations on physical
activity, to stage IV representing severe HF with the inability to perform any physical
exercise without significant discomfort?°. While this diagnostic system is popular, it is
limited to ability of the patient to recognize a symptom and consult a physician. Patients
in stage | and 11 HF do not experience symptoms severe enough to motivate a visit to the
doctor. Meanwhile, cardiac dysfunction progresses in the absence of intervention. Other



classification and diagnosis systems require physical exams detecting evidence of cardiac
dysfunction based on chest radiographs®®. While these methods have proven to be
sensitive and predictive, they require the patient to experience symptoms and discomfort
and then consult with a physician. Efforts to improve the early detection and treatment of
HF in Canada rely on disease management programs (DMPs), comprising intensive
therapy that includes drugs, education, monitoring, and caregiver assignment®, Patients
in the emergent and urgent categories of HF are primary candidates for DMPs and are
targeted to undergo evaluation within 24 hours to 2 weeks of the presentation of risks or
signs and symptoms. These categories include post-heart transplant, post-MI, and
myocarditis patients. Timely intervention for HF in the emerging and urgent categories
has resulted in a 30% reduction in death and re-hospitalization rates after 18 months of
follow-up and disease management®. This emphasizes the imperative to provide timely
access to intervention and treatment in high-risk HF patients, ultimately reducing

mortality and the costs associated with HF.

1.3.3 Hallmark features, treatments, and outcomes of heart failure

HF as a disease has several features, all in which result in the impaired ability of the
ventricles to fill and/or eject blood. Heart failure occurs most commonly in patients with
previous MI?%. In the event of MI, the blocked blood flow from the coronary arteries to
the myocardium leads to necrosis and ischemia of cardiomyocytes??. Treatment strategies
for Ml involve the prompt restoration of blood flow, using thrombolytic drugs, stents and
catheters, or bypass surgery, all in an effort to reduce the infarct size. Any duration spent
with blocked blood flow to the myocardium, will inevitably cause oxidative stress,
ischemia, necrosis and infarction. As a result, the heart undergoes a healing process in
efforts to recover from the damage sustained. While the process of post-MI repair and
remodeling is not entirely understood, there are highly regulated events involved that

become pathological in HF?,

1.3.4  The immune response

The degradation by matrix metalloproteinases (MMPs) of the existing extracellular

matrix (ECM) and coronary vasculature in the infarction region occurs within the one



week post-MI%1, Remodeling of the ECM is shown to play a significant role in several
vascular disorders, and MMP expression increases in HF%. With the production of
reactive oxygen species (ROS), necrosis, and ECM degradation, there follows an immune
reaction??. Pro-inflammatory cytokines and chemokines are released and macrophages
are recruited to clear debris, and promote cardiac healing and scar formation around the
damaged tissue?*. However, chronic inflammation and macrophage recruitment can lead
to additional cell death and perpetuate the myocardial remodeling process. Some
important pro-inflammatory cytokines implicated in the progression of HF include
tumour necrosis factor (TNF)-a, interleukin (IL)-1 and IL-6, macrophage inflammatory
protein (MIP)-2, monocyte chemoattractant protein (MCP)-1242%, These cytokines
exacerbate myocardial and hemodynamic dysfunction and are typically up-regulated in
chronic HF. While the repair and healing process involving these agents are necessary
post-MlI, there is a fine balance between promoting and preventing inflammation. 1L-10 is
an important anti-inflammatory cytokine known to down-regulate the production of TNF-
o, IL-1, and IL-6%. The antagonistic role of IL-10 is thought to be beneficial in HF
patients. Increased expression and plasma concentration of IL-10 has been shown to
improve cardiac mechanical function in rats and patients with HF?>26, However, the
protective nature of IL-10 is disputed as HF patients show varying levels of increased or
decreased plasma IL-10?°. Overall, evidence suggests that the short-term and initial pro-
inflammatory response becomes maladaptive in HF over time. Thus, anti-inflammatory
mediators such as IL-10 play an important role in the immune response to Ml and HF,
and use of such mediators is being considered as a therapy?’. It remains to be seen if these
will be successful. In inflammatory bowel disease, administration of anti-TNF-a
antibodies (Infliximab) has shown some benefits?®, while administration of IL-10 by a
genetically engineered food-grade bacterium, Lactococcus lactis, has some pre-clinical

evidence but awaits confirmation in patients with colonic inflammation?°.

1.3.5  Ventricular remodeling and hypertrophy

Following the immediate inflammatory reaction post-MI, a regulated process of cardiac
remodeling takes place. Ventricular remodeling is defined as genome expression

resulting in molecular, cellular, and interstitial changes®. Clinically, this process is
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manifested as changes in size, shape, and function of the heart, and is considered a
determinant of heart failure*®. MI stands as the most common instigator of cardiac
remodeling, and the changes also occur in patients with other cardiac pathologies such as
stenosis, hypertension, and myocarditis®. In post-MI patients, within the first week of
ECM degradation by MMPs, phagocytic macrophages are recruited to the infarct site for
digestion and removal of infarcted tissue?!. Fibrogenic mediators, such as transforming
growth factor (TGF)-B, then increase the synthesis of collagen by myofibroblasts to
replace the degraded ECM and form scar tissue?'3. Scar tissue formation is evident
around week 2 post-MI and continues for over 8 weeks?*. This process of wound healing
provides some potential for the infarct site to function again as the contractile properties
of myofibroblasts generate small and strong scars with the potential to bear load®!.
However, the inevitable build-up of collagen in the infarct area and beyond also causes

ventricular stiffness and dysfunction®Z.

The loss of functional myocardium causes an increase in blood volume in the ventricle
that is not properly cleared with contraction. The increased load and ventricular wall
stress is sensed by cardiomyocytes which undergo compensatory changes to the cellular
architecture of the ventricle. Because cardiomyocytes are terminally differentiated and
cannot divide, they instead respond to wall stress by cell stretching/lengthening to
increase wall thickness®2-3, This abnormal growth of cardiomyocytes, termed cardiac
hypertrophy, is a hallmark feature of HF*>3". Hypertrophy is an adaptive response that
initially increases the mass of the functional myocardium, distributes wall stress, and
normalizes resting cardiac output®®8, Chronically, this response becomes maladaptive,
due to poor contractility of hypertrophic cardiomyocytes, which leads to a decrease in
cardiac output, increased rate of apoptosis and fibrosis, and increased risk for cardiac
arrhythmias®>%. For these reasons, cardiac hypertrophy is a very important therapeutic
target for heart failure patients. Modern treatments of heart failure, including B-blockers
and angiotensin converting enzyme (ACE)-inhibitors have been shown to improve
hypertrophy by reducing the heart rate and hemodynamic load, which reduces the stress
stimulus for cardiomyocyte growth®”. More targeted approaches to attenuating

maladaptive hypertrophy are desired.
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1.3.6  The hormone response

Post-Ml, a hormone-mediated recovery process takes place in an effort to maintain
mechanical function of the heart. These hormones are often considered biomarkers of HF
and represent the compensatory response. Atrial natriuretic peptide (ANP) is a hormone
secreted primarily by the atria that has diuretic, natriuretic, and vasodilator properties®>%,
Ventricular expression of ANP can be induced in conditions of hypertension, wall stress
and ventricular load, and increased ventricular mass3%4%, ANP production is strongly
correlated to cardiomyocyte size, where a higher incidence of ANP expressing
cardiomyocytes is found in cells with larger diameters*#2, Increased levels of ventricular
ANP expression in animal and cell models of cardiac hypertrophy and HF have been
thoroughly documented*!4344, In these conditions, it is thought that ANP acts to reduce
cardiac load and wall stress through its anti-hypertensive properties*?. Accordingly,
ventricular ANP expression is strongly correlated with cardiac hypertrophy and is used

extensively in vitro and in vivo as an indicator of hypertrophy and HF34L,

In HF, contractile dysfunction leads to a decrease in cardiac output* which then
determines arterial circulation. This is sensed by [3-adrenergic receptors in the ventricle
walls which drive sympathetic nervous system output to increase contractility, cardiac
load, and heart rate®. Decreased cardiac output also triggers the renin-angiotensin-
aldosterone system. These renal hormones promote water retention, vasoconstriction and
increase blood pressure to maintain blood flow to vital organs. To the heart, activation of
this system has deleterious effects and exacerbate pre-existing co-morbidities of HF such
as hypertension. Angiotensin I, a potent vasoconstrictor, autocrine and endocrine
hormone produced by heart cells, induces cardiac hypertrophy through its hypertensive
properties®®4®, Cardiomyocytes enlarge due to the increased vascular resistance of blood
flow and, as a consequence, ventricular ANP production is activated®>. It has also been
suggested that angiotensin II activity via the f-adrenergic pathway causes cardiac
hypertrophy independent of hypertension®>#’. For these reasons, drugs blocking the
action of the hormones in the renin-angiotensin-aldosterone system have become some of
the most effective therapies for HF*>48%° ACE-inhibitors reduce the activity of the renin-

angiotensin-aldosterone system by preventing the conversion of angiotensin | to
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angiotensin 1. As a result, vasoconstrictive and hypertrophic action of angiotensin Il is
reduced. Short-term B-adrenergic blockage also improves ventricular function and
decreases morbidity and mortality in patients with HF®L. B-blockers overall have
improved survival in post-MI and chronic HF patients, and in combination with ACE-

inhibitors are considered the first-line drug therapy for HF patients33490,

Hormones that are unrelated to hemodynamic regulation are also involved in HF. Leptin
is a hormone chiefly secreted by adipocytes that plays an important role in energy
balance, appetite, and metabolism. Leptin has been associated with several mechanisms
of pathogenesis in obesity and type 11 diabetes, both of which are risk factors for HF>253,
Furthermore, elevated plasma leptin levels are associated with increased risk coronary
heart disease (CHD) and hypertension, independent of obesity and diabetes®***. As such,
leptin is a proposed biomarker and independent risk factor for myocardial infarction,
ischemic heart diseases, CHD and HF®2%>%7, While adipocytes are the major source of
leptin, evidenced by high plasma leptin levels in individuals with increased adiposity®®,
the heart has shown to both secrete and express receptors for leptin®®. The cardiovascular
actions of leptin are in part based on the stimulation of the sympathetic nervous system
that is thought to cause a hypertensive effect>°°. The stimulation of the p-adrenergic
pathway by leptin receptors in the heart upregulates angiotensin Il expression, which in
turn stimulates increased leptin secretion by adipocytes®. Leptin can also potentiate
secretion of pro-inflammatory cytokines such as TNF-a, IL-2, and IL-6°2, all of which are
upregulated in HF, as previously discussed. Leptin is has been shown to promote
atherogenesis, cardiac hypertrophy, and is elevated in post-MI and HF patients>57:59.60,
Overall, leptin participates in a viscous cycle of inflammation and p-adrenergic

activation, causing cardiac pathologies that are deleterious to HF patients.

1.4 The human microbiome: a dynamic ecosystem

The human body is host to dynamic microbial communities that have an increasingly
recognized impact on human health. The gut, skin, vagina, urinary tract and oral cavity
are among sites where microbial communities exist in an equilibrium that is required for
proper function and health®!. As a whole, the genomes, activity, size, compositions and

surrounding ecosystems of these communities represent the human microbiome®?.
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Formerly, the organisms in body sites were investigated using traditional laboratory
cultivation techniques. This limited the identification and enumeration of the
communities due to the inability to cultivate many species. With the advancement of
culture-independent techniques, the composition of the human microbiome and the role it
plays in our health, have become better understood. Recent research, notably championed
by the Human Microbiome Project (HMP) consortium®?, has attempted to characterize
“normal” microbiota composition of various sites throughout the body®3%°. Using high-
throughput next-generation DNA sequencing of the 16S rRNA genome, the analysis of
over 4000 specimens collected from 242 adults revealed that each site has a characteristic
microbiome, with constituents adapted to specific niches®:6364 The gut, for example, is
generally dominated by two phyla: Firmicutes and Bacteriodetes, while other phyla,
including Proteobacteria and Actinobacteria, exist in smaller proportions®®®’. The gut
bacteria perform a multitude of functions from the transformation of bile acids,
breakdown of insoluble fibers, to the production of specific vitamins and cofactors®®,
Despite individuals having somewhat unique microbiota patterns in the gut, many
functions appear to be shared. Even with large numbers of organisms (greater than 10'4)
present, the addition of organisms in comparatively low numbers (10° or less) such as in
the form of probiotics or alternatively pathogens, can still significantly affect the host
through their production of metabolic by-products- toxins as in the case of the latter®® ™,

bacteriocins, modulation of other host factors such as the immune system’*-"

1.4.1  Microbial dysbiosis: Etiology for disease?

The critical role of the microbiome in host health is illustrated by the fact that a shift to
dysbiosis is now associated to several gastrointestinal diseases including inflammatory
bowel disease, C. difficile associated diarrhea, colon cancer and other forms of enteritis’*
’®. In the oral cavity, a disruption of the homeostatic function of commensal bacteria
caused by the colonization of a single pathogenic species can lead to periodontitis and
other gingival diseases’”®. In the vagina, a displacement of commensal Lactobacillus
species by various anaerobes is characteristic of bacterial vaginosis, a condition that
causes an increased risk of endometriosis, pregnancy complications, and pre-term

labour’®-81,
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While the incidence of microbial-associated disease at the primary site of colonization is
intuitive, the impact of dysbiosis is much more far-reaching. There is mounting evidence
that bacteria in the gut can influence distal sites, and for example contribute to the
development of metabolic syndrome®2®, In addition, individuals with type 11 diabetes
and obesity have a gut microbial composition of less diversity compared to that of
healthy individuals® and the balance of Firmicutes and Bacteriodetes shifts to one with a
dominance of the former®*, Studies also demonstrate a link between the brain and gut
microbiota associated with a variety of neurological conditions, including appetite
disorders, multiple sclerosis, hepatic encephalopathy, and Autism Spectrum Disorder
(ASD)®"°1, Several mouse models have demonstrated that the gut microbiota can convey
neurological signals via vagus nerve stimulation, immune-modulatory signaling, and
neuroendocrine pathway signalling®®®. Furthermore, is has been anecdotally reported
that antibiotic and probiotic use, presumably altering the gut microbiome, causes
behavioral changes and clinical improvements in children with ASD%*%. Although the
mechanisms for these relationships are not entirely elucidated, it is clear that microbes in

one site can influence overall health status.

1.4.2 The oral microbiome and CVD

The oral microbiome comprises a population that can withstand exposure to the external
environment and a diverse range of conditions. With over 700 species of bacteria
identified in the oral cavity, and diverse surfaces in which the organisms can colonize,
from the hard teeth to the deep gingival tissue pockets, the options for propagating are
many, and the result is distinct patterns in the different niches®. The oral microbiome
plays an important role in the health status of the host, and a shift in microbial
composition can cause numerous local infections including periodontitis, caries,
gingivitis, and tonsillitis®®-, In addition, it has been implicated in several systemic
diseases, including CVD. There is a strong clinical association with chronic periodontal

disease and increased risk for atherosclerosis, hyperlipidaemia, CHD, stroke, and MI%
101

Periodontitis is a severe infection that attacks both the soft tissue and bone supporting the

teeth®?l, Opportunistic oral pathogens overgrow in periodontal pockets and release
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proteolytic enzymes that break down host tissue'®. These pathogens are extremely
difficult to eradicate and the disease often manifests over chronic periods of time.
Pathogens implicated in periodontitis are often detected in blood cultures, as they are able
to enter systemic circulation via the compromised oral mucous membrane!®21%, The
access to organs throughout the body represents a major risk for inflammation and
infection. It is the chronic nature, however, of periodontitis that is thought to increase the
risk for CVD!%, Cross-sectional studies suggest that the inflammatory factors associated
with periodontitis, such as C-reactive protein, plasma fibrinogen, IL-6, and
hyperlipidaemia, are responsible for the increased risk of CVD%101:104105 Cohort studies
have found positive dose-dependent associations between chronic periodontitis and the
incidence of CHD in men less than 60 years old, independent of pre-existing CVD risk
factors (including old age)!9319>1% \while these associations have been documented for
well over 25 years, there is significant variability among studies and subjects!%. The
advent of deep genome sequencing has led to an increased effort to track shifts in the
microbial community between health and disease. Changes in the oral microbiota occur
in response to treatment for periodontal disease, with several genera of periodontal
pathogens depleted in patients who had undergone treatment*?’. This line of research may
shed light on the mechanistic role of periodontal pathogens in CVD, by comparing the

plaque microbiota of periodontal patients at risk for CVD with healthy, matched controls.

1.4.3 Gut microbiota, diet, CVD

In the so-called ‘Western world’, the prevalence of CVD coincides with other chronic
conditions such as obesity, type Il diabetes, and gut inflammation. Metabolic disease,
which includes hypercholesterolemia, diabetes, and obesity, is largely diet-dependent and
is a key preventable risk factor for CVD. It has been well documented that individuals
with obesity have a gut microbiome profile distinct from those of lean subjects®6.86.108.109,
In diet-induced obesity, overnutrition can alter composition of the gut microbiome, with
dietary nutrients influencing the growth of certain species. Diets rich in cholesterol,
saturated fats, and simple carbohydrates are associated with gut microbiomes rich in the
Firmicutes phylum®”119, In obese individuals, the decreased proportion of Bacteriodetes

in comparison to Firmicutes is normalized with a low-calorie diet-associated weight
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loss®”. Conceivably, these obesity-associated microbiome profiles feature organisms that
are more adept at processing the energy-rich diets. This theory is supported by
metagenomic and biochemical analyses showing that the core gut microbiome of obese
individuals has an increased capacity for energy harvesting, compared to lean
individuals't, This capacity was characterized by the genomic expression of KEGG
pathways associated with starch/sucrose metabolism, galactose metabolism, and
butanoate metabolism*!, When the gut microbiota from normal mice is transplanted into
germ-free recipients, there is an increase in weight and adiposity without any increase in
food consumption®’. This indicates that the increased energy harvesting capacity is
transmissible. The modern Western diet, high in refined sugars and lipids but lacking
complex fermentable fibers, is seemingly mismatched with the capacity of our ancestral
microbiota. This consequently results in less diversity and a shifted microbiome
profile!®®. It has been suggested that a return to ancestral diets, consisting mainly of plant-
based complex fibers and low in red meat, can help promote the proliferation of the

beneficial microbes considered indigenous to our gut**2,

Epidemiological studies indicate that vegetarians and vegans have lower blood
cholesterol and lower risk for CVD compared to omnivores*'?1!3, The elimination of red
meat from the diet can be beneficial for cardiovascular health*#!>, It has been reported
recently that gut microbes play a significant role in the metabolic processing of red meat.
Dietary carnitine and phosphotidyl choline, predominantly from red meat, is converted to
trimethylamine (TMA) by gut microbes!*6. TMA is then converted to the proatherogenic
metabolite trimethylamine-N-oxide (TMAOQ), which accelerates atherosclerosis in
mice!!®. The conversion of dietary carnitine to TMAO is gut microbe dependent, as
individuals receiving oral antibiotics for a week prior to consuming red meat experienced
a complete suppression of endogenous TMAO production®®. The same study also
reported that vegetarians and vegans had significantly lower fasting baseline TMAO
levels, compared to omnivores!®. Correspondingly, vegetarian and vegans had
significantly higher abundance of Bacteriodes and lower abundance of Prevotella species
in the gut microbiome than omnivores, and a decreased risk for coronary heart disease
and the traditional risk factors for CVD such as hypertension, atherosclerosis, peripheral

116

artery disease, and stenosis—°. As vegetarian and vegan diets typically consist of very
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high portions of plant fibres, fermentable substrates and low dietary carnitine, all of
which are metabolized by gut microbes, this provides strong evidence for a role of the

microbiota in CVD.

In terms of prevention and treatment strategies, these findings data are extraordinarily
valuable. The increased adiposity, angiogenesis, blood flow, and cardiac output
associated with overnutrition and obesity is a major risk factor for hypertension and
hyperlipidemia; major risk factors for atherosclerosis, MI and coronary heart disease, all
of which predispose to congestive HF*'’. If modulation of the gut microbiome can
interrupt this progression at any point, there is a potential to improve an individual’s
cardiovascular health. Developing the most efficacious method of manipulating a
dysbiotic microbiota with no detriment to the host, represents a novel area of
investigation for diseases like CVD.

1.5 Modulation of the human microbiome

As our understanding of the elaborate relationship between the human microbiome and
the host expands, strategies for modulating the microbiome have evolved. Modern
medicine has relied heavily on the prescription of antibiotics in efforts to eradicate
infectious pathogens. Some episodes induced by C. difficile, E. coli, Salmonella spp., and
H. pylori can be controlled with the use of antibiotics!!®, however not without significant
detriment to the host. Antibiotics are relatively non-discriminating agents, unable to
distinguish between pathogenic and non-pathogenic bacteria. As a result, antibiotic use
disrupts the microbiome and eliminates endogenous bacteria that perform vital functions
for our health. Antibiotic-associated diarrhea occurs in at least 20% of antibiotic users,
due to the decreased fermentation capacity and malabsorption in the gut'*®?°, Antibiotic
use can lead to secondary infections, when opportunistic pathogens normally suppressed
by endogenous microbes are able to proliferate. For these reasons, the widespread
prescription of antibiotics has been discouraged, and alternative methods are being

explored.

Probiotic therapy is one such method that has gained increasing attention among

consumers, health practitioners, and researchers. The accumulating reports of the health
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benefits of probiotic products in the laboratory and the clinical setting have catapulted

novel strategies for probiotic use for diseases to the gastrointestinal system and beyond.

1.5.1 Probiotics to restore homeostasis

The consumption of bacteria is not a modern trend; ancient diets featured fermented food
products from various grains, vegetables, beans, fish, and dairy products. In fact, it was
the observation of the overall good health and longevity of certain ethnic Europeans
consuming fermented foods that brought modern-day prominence to probiotics!?. Today,
the United Nations and World Health Organization and many other organizations define
probiotics as live microorganisms which when administered in adequate amounts confer

a health benefit on the host®.

Despite most regulatory authorities not allowing disease claims for foods without
pharmaceutical level supporting studies, there is strong clinical evidence supporting
probiotic foods and supplements treating bacterial vaginosis*??, diarrhea?®'?4 and
irritable bowel syndrome!?+128 as well as improving the management of Helicobacter
pylori*?® and Clostridium dificile-associated diarrhea™°. In most cases, the effects are
strain specific and the precise mechanisms for the action not well elucidated. There are
several ways in which probiotics interact with the host. First, the introduction of a
probiotic species into a bacteria-harboring environment can alter the existing community
dynamic. Probiotics have demonstrated competition against pathogens and deleterious
organisms, interfering with their ability to infect the host!*%*32, Various mechanisms
have been studied including production of bacteriocins, biosurfactants and simple
competitive exclusion’?33134 The net effect of suppressing pathogenic activity can be
restoration to a 'healthy' equilibrium of the microbial community. Second, probiotics
participate in epithelial cross talk with the host immune system?3. The gut epithelium is a
major barrier against foreign pathogens and antigens. Probiotics not only improve the
integrity of the epithelial barrier'®®, but also interact with toll-like receptors and
transcription factors that regulate inflammatory responses®**”*®, This immune-modulating
effect has proven beneficial not only for local gastrointestinal diseases such as
inflammatory bowel disease and necrotizing enterocolitis®*>**", but also distal conditions

such as rheumatoid arthritis*>. Third, probiotics are producers of many metabolites,
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enzymes, co-factors and vitamins that are active in modulating our health. For example,
the fermentation of carbohydrates by probiotics results in the production of short chain
fatty acids, such as acetate or propionate, which are used as energy sources by the host®®.
Certain probiotic strains produce vitamin K, B2, B12, and folate!4%43 which are utilized
by the host.

1.6 Probiotics: Evidence for reducing risk factors for
CVD

1.6.1 Via interference with periodontal disease

The use of probiotics in the oral cavity has been investigated for reducing pathogenic
agents in several types of oral disease. For example, L. rhamnosus and L. reuteri strains
have shown to reduce the number of S. mutans, a caries pathogen, when consumed in
yogurt or milk!4414°_ Similarly, the consumption of probiotic cheese and S. salivarius
reduced the prevalence of oral Candida in an elderly population*®. Streptococcus
salivarius K12 is a probiotic strain shown to release large amounts of bacteriocins into
the saliva that compete with pathogenic microbes!#’. The strain is commercially available
in lozenge and chewing gum forms and has been shown to reduce oral candidiasis in a
mouse model**®, malodor in patient with halitosis'*°, and inhibit baseline secretion of IL-
8 while activating the anti-inflammatory pathway of nuclear factor (NF)-xB in human

bronchial cells challenged with Pseudomonas aeruginosa®®°.

Although periodontitis is a very difficult disease to cure, there is encouraging evidence
that probiotics can contribute through reduction of periodontal pathogens and
inflammation. In two independent clinical studies, L. reuteri significantly reduced several
clinical indices of periodontal disease, including gingival bleeding, plaque, and microbial
levels of periodontal pathogens®®*!°2, Similar results have been reported using other
lactobacilli and Bifidobacterium products, where normalization of the oral microbiota
occurred with treatment of gingivitis and periodontitis patients®>*%*, L. reuteri also
reduces the pro-inflammatory cytokines TNF-a and IL-8 in patients with gingival

inflammation, when taken in a chewing gum for two weeks!®. These studies provide
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strong support for the use of probiotics as a therapy for oral diseases, yet mechanistically

speaking, the data are incomplete.

The ability of probiotic organisms to attach and colonize the oral cavity are believed to be
important, but long-term colonization is rare’>®. There are conflicting reports on the
persistence of probiotic strains in the oral cavity once treatment has been removed and it
does not seem that colonization is a prerequisite for effective treatment in some cases®’.
Since periodontal disease is a contributing factor in CVD, the ability of probiotics to
alleviate the former could influence the latter, although no studies with this specific aim

have been performed.

1.6.2 Obesity and adiposity

The increased risk and prevalence of CVD can largely be attributed to diet and lifestyle-
derived disorders. Obesity is one of the primary risk factors for CVD, as the progression
from overweight to obese introduces a slew of comorbidities that are detrimental to
cardiovascular health'®®, The excessive energy intake and fat accumulation in obesity
presents major risk for type Il diabetes, chronic inflammation, and hyperlipidemia, all of
which predispose to coronary heart disease, cardiac arrest, and HF**®, The accumulating
in vitro, animal, and human research suggests an opportunity for probiotics to improve
these risks. It has been established that obese individuals have a different gut microbiome
profile from normal weight individuals®”25861% indicating a partial role of the
microbiome in obesity. The use of probiotics to re-set the dysbiotic obese gut microbiome
is one proposed mechanism of action. A study performed on healthy weight mice found
that there were significant changes in the gut microbiome as well as significant weight
reduction in mice receiving either L. rhamnosus GG or L. sakei NR28 daily by oral
gavage for 3 weeks®™®. Overall, both probiotic treatments resulted in a reduction of the
total number of microorganisms in the gut, and the Firmicutes/Bacteriodetes ratio was
significantly reduced®®. This change in ratio was seemingly due to a reduction in
Clostridium species belonging to the Firmicutes phylum, rather than an increase in
Bacteriodetes organisms. There was no significant difference in food consumption
between control and probiotic treatment groups, indicating that the significant reduction

in epididymal fat mass was not due to a reduction of energy consumption®®®. Results from
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this study indicate that the modulation of the gut microbiome with probiotic
administration produces an anti-obesity effect that directly reduces epididymal fat mass.
However, efforts to significantly alter the human gut microbiota using probiotics have
shown less subtle effects'®,

In humans, the twice daily administration of a multi-strain probiotic capsule
(Streptococcus thermophilus, Lactobacillus plantarum, Lactobacillus

acidophilus, Lactobacillus rhamnosus, Bifidobacterium lactis, Bifidobacterium longum,
and Bifidobacterium breve) to overweight individuals with a body mass index greater
than 25 resulted in a significant reduction in weight, waist circumference, and serum
cholesterol after 8 weeks®!. These metabolic changes positively correlated with a
significant increase in Lactobacillus plantarum populations and the overall ratio of gram
negative bacteria, presumably representing the Bacteriodetes phylum?!®®. Probiotic-
induced changes to the gut microbiome composition is not an exclusive prerequisite for
weight and adiposity reduction. There are numerous reports of improved body fat mass
and weight loss without any differences in gut microbial composition, suggesting and
explicit relationship between probiotic and adipose tissue. Certain metabolites have been
implicated to directly reduce adipose tissue mass. Conjugated linoleic acid (CLA)
produced by certain Lactobacillus species have shown to reduce obesity and
arteriosclerosis in mice'®1%2, Studies investigating CLA-producing probiotic strains have
demonstrated that Lactobacillus rhamnosus PL60 and Lactobacillus plantarum PL62
reduce body weight and adipose tissue mass in mice on a high fat diet in a CLA-
dependent manner, without any changes in food intake®3%4, Probiotics have directly
reduced adipocyte cell size in high fat diet mice®>1 which can improve oxidative stress
and the subsequent chronic inflammation associated with inadequate blood supply to

enlarged adipocytes in obesity.

1.6.3 Cholesterol and hypertension

One of the most thoroughly investigated applications of probiotic therapy for CVD is for
reduction of serum cholesterol. Elevated low-density lipoprotein cholesterol (LDL-C) is a
major risk factor for CVD*®’. The accumulation of LDL-C in the blood is a precursor to

hypertension, hyperlipidaemia, and causes the formation and build-up of atherosclerotic
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plaque in the arteries'®’

. Meta-analyses of randomized controlled clinical trials have been
performed to evaluate the effect of probiotic consumption on serum LDL-C and total
cholesterol levels. Pooled data from a total 485 total participants with 'high' 'borderline
high' and 'normal’ serum cholesterol levels found that probiotic consumption significantly
lowered LDL-C and total cholesterol levels among all categories, compared to the
control'®®, The cholesterol-lowering properties of probiotics are strain and species
specific; and among these select probiotics, there are several postulated mechanisms of
action. Probiotics can remove cholesterol from the gut by incorporating cholesterol in to
the cellular membrane during growth and proliferation. In vitro studies using
fluorescently tagged cholesterol molecules have tracked the incorporation into the
cellular membrane by several strains of lactococci and lactobacilli*®®17°, Cholesterol can
also be converted to coprostanol by probiotics expressing cholesterol reductase!’.
Coprostanol is subsequently excreted in feces, potentially reducing cholesterol absorption

in the gut.

Perhaps the most accepted mechanism is the processing of bile acids in the gut by Gram-
positive organisms including Lactobacillus, Bifidobacterium, and Bacteriodetest’?.
Metabolism of cholesterol, a precursor of bile acids, is mediated through gut microbes
expressing the enzyme bile salt hydrolase (BSH). Probiotic strains with high BSH
activity promote the deconjugation of bile acids to secondary amino acid conjugates®’?.
When these are then excreted, and cholesterol is broken down to replace the processed
bile salts. Overall, this process promotes the catabolism of cholesterol and reduces serum
cholesterol levels'’®. There is considerable variability in BSH activity among probiotic
species, indicating that genes, which encode it, are likely to be horizontally acquired®”. It
is also known that many probiotic strains express more than one BSH homologue!’. This
might maximize survival because of the variable exposure to different forms of bile salt
conjugation in the gut. Further research is required to precisely identify the mechanism of

the BSH gene and activity, especially with regards to the kinetics of bile salt transport.

Most of the above mechanisms have been exclusively explored in vitro, and more animal

and human trials are required. However, regardless of the mechanism implied, the
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extensive meta-analyses on human clinical trials indicate that the use of probiotics to

lower serum cholesterol is a promising prevention strategy for CVD.

Hypertension, closely tied to hypercholesterolemia, is a major risk factor for CVD!™,
About 30% of Americans are hypertensive, doubling their risk for developing the
disease!’*. Reducing hypertension alone, using diuretics, ACE-inhibitors and B-blockers
is about 30% less effective than reducing hypertension by treating hypercholesterolemia
in hypertensive patients!’4. This suggests that not only does probiotic therapy improve
lipid blood chemistry, but it also can improve hypertension and outcomes for CVD
patients. Meta-analysis of fourteen randomized placebo-controlled clinical trials with 702
participants showed that probiotic fermented milk significantly reduced both systolic and
diastolic blood pressure in pre-hypertensive and hypertensive patients'’®. Certain
probiotic strains produce peptides with ACE-inhibitory activity through the proteolysis
and fermentation of milk proteins’®17’. When growth of certain Lactobacillus and
Bifidobacterium strains was enhanced using fermentation substrates, or prebiotics (inulin,
pectin, fructo-oligosaccharides, and mannitol), proteolytic activity and ACE inhibition
was proportionally increased!’’. Further research on maximizing the production and

evaluating the activity of these peptides in vivo is required.

By reducing cholesterol and hypertension, two of the most prevalent risk factors for
CVD, the risk for developing coronary heart disease, atherosclerosis, heart attack, and
stroke is reduced by nearly half'™, The strong clinical evidence for the attenuation of
hypercholesterolemia and hypertension with probiotic consumption brings encouraging

support for the treatment of CVD with probiotics.

1.6.4 Direct cardioprotection against apoptosis and ischemic injury

Until recently, probiotic applications for cardiovascular health were limited to metabolic
and diet-associated processes. The aforementioned evidence for probiotic therapy for
CVD pertains mostly to symptoms of CVD that are precursory to direct heart damage
incurred by coronary artery disease, myocarditis, MI, and HF. We wanted to explore
whether probiotics can provide a direct, cardioprotective effect to the heart that results in

reduced ischemic injury and improved cardiac function, following an ischemic event. If
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coronary arteries become occluded, the blocked blood supply to the heart muscle can
cause tissue ischemia and infarction. If a patient survives M, there is a risk for
progression to HF and chronic inflammation, as the damaged heart struggles to maintain
its regular work capacity. Reduction of ischemic injury and infarction is critical to

improving the outcomes of Ml patients.

The protective role of probiotics against apoptotic injury was first investigated in
intestinal cells. While exploring the mechanisms of action against inflammatory bowel
disease, it was found the L. rhamnosus GG prevented TNF-a, IL-1a, and interferon
(IFN)-y-induced apoptosis in mouse colon cells'’8, This was achieved through both
activation of the anti-apoptotic Akt pathway, and inhibition of the pro-apoptotic p38
mitogen-activated protein kinase pathway'’®. The purification of L. rhamnosus GG
supernatant identified a novel protein, p75, to be responsible*®. The effect of this protein
on ischemia/reperfusion (I/R) induced heart cell injury was evaluated using a rat model.
The pre-treatment of rats with the purified p75 protein isolated from L. rhamnosus GG 30
minutes prior to I/R surgery significantly attenuated heart tissue infarction in a dose-
dependent manner. This phenotype was reportedly generated by enhanced expression of
heat shock proteins with p75 pretreatment!’®, suggesting that proteins produced by
Lactobacillus have a direct cardioprotective effect against ischemic injury. Further
mechanistic research is required, as the isolated p75 protein delivered in a bolus,
bypassed the gastrointestinal system. Studies examining the production and kinetics of
p75 from L. rhamnosus GG within the gut could contribute to an understanding of the

role of the microbiome in this phenotype.

Recently, a rat study demonstrated that oral consumption of a probiotic could be
cardioprotective. Animals administered the probiotic drink marketed as “GoodBelly”,
containing Lactobacillus plantarum 299v, in their drinking water for up to 14 days before
I/R heart surgery, had a 29% reduction in ischemia and a 23% improvement in post-
ischemic mechanical function, as measured by left ventricular diastolic pressure!®. This
cardioprotection seemed to be gut microbiome-dependent, as administration of
vancomycin generated the same phenotype. It was found that the attenuated ischemia was

independent of cytokine mediation, but dependent on serum leptin reduction. There was a
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significant increase in serum leptin post-1/R that was significantly attenuated with
GoodBelly and vancomycin pretreatment®. Pretreatment with leptin abolished the
cardioprotection confirming that this molecule played a key role in the process. Leptin is
a hormone mainly produced by adipocytes but also by cardiomyocytes, and is typically
upregulated in CVDs such as HF and hypertension. This novel finding linking
communication between the gut and heart through hormone signaling, warranted further

research into the cardioprotective properties of probiotics.

We decided to determine whether probiotic treatment post-ligation injury without
reperfusion could confer benefits reported with probiotic pre-treatment. In addition, we

wanted to further investigate the mechanisms by which probiotic activity worked.

1.7 Hypothesis and objectives

My hypothesis was that the administration of Lactobacillus probiotic strains will have a
beneficial effect on the outcome of myocardial infarction-induced heart failure and provide
a direct benefit to cardiac tissue through gut-bloodstream mediators.

Objective 1: Assess the effect of oral probiotic administration on the outcomes of gut
microbial composition and MI-induced heart failure in a rat coronary artery ligation

model.

My aim was to determine the effect of probiotic administration after the Ml event. This

study assessed changes in the gut microbiota associated with probiotic administration.

Objective 2: Assess the effect of direct probiotic administration on cardiomyocytes

expressing the hypertrophic response associated with heart failure.

Using chemical agents to induce hypertrophy, my aim was to evaluate the effect of co-
culturing cardiomyocytes with probiotic lactobacilli. I examined both morphological and
molecular changes of cardiomyocytes in co-culture. Using a variety of tools for generating
different probiotic treatments, this in vitro model tested if probiotics directly interact with

and benefit cardiomyocytes and help elucidate potential mechanisms.
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2  Overview of experiments

The experiments performed for this thesis can generally be divided into two groups: in
vivo animal studies, and mechanistic in vitro studies. The specific designs for all

experiments performed are described in detail in the next sections.

2.1 The effect of probiotic administration on the
outcome of heart failure in the rat

In collaboration with Dr. Morris Karmazyn (Department of Pharmacology and
Physiology, Western University), a study was designed to investigate the outcome of
probiotic therapy for heart failure in the rat. There were two stages: First, a 4 week pilot
study was performed on 15 animals using 2 different probiotic strains. This served as a
proof-of-concept assessment. Next, a 6 week comprehensive study using 60 animals and
only one probiotic treatment was performed. The methods described in this section have

been published and are described in detail below?s!,

2.1.1  Probiotic culture and treatment preparation

In the 4 week pilot study, two different probiotic strains were prepared as treatments:
Lactobacillus rhamnosus GR-1 or Lactobacillus plantarum 299v. L. plantarum 299v was
chosen because it was the probiotic strain in the commercially available drink
(GoodBelly, NextFoods, Boulder, CO, USA) that was demonstrated to have
cardioprotective effects against I/R injury to the heart'®°, L. rhamnosus GR-1 was chosen
because it has been extensively characterized by several laboratories and has been shown
benefit the gastrointestinal and urogenital tracts'®2183, In addition, the genome sequence
for L. rhamnosus GR-1 was available within our group, which may have provided further

tools for analysis.

All media for bacterial culture were acquired from Becton and Dickinson (BD,
Mississauga, ON). All strains were grown under anaerobic conditions at 37°C, using the

GasPak™ system (BD). Details on each strain are provided in table 1.

L. plantarum 299v was isolated from a sample of GoodBelly by inoculating de Man,

Rogosa, Sharpe (MRS) broth with the drink using an inoculation loop. The broth was
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grown for 15 hours then streaked onto MRS agar and grown again for another 15 hours.
After 3 subsequent sub-cultures were performed, 2-3 single isolated colonies were added
to MRS broth (20% glycerol) in a sterile cyrotube for long term storage at -80°C. Freezer
stocks of L. rhamnosus GR-1 were maintained in the same media at -80°C. The L.
plantarum 299v strain was identified by polymerase chain reaction (PCR) using an

Eppendorf Mastercycler® PCR machine (Eppendorf, Hamburg, Germany).

Frozen stocks of both L. plantarum 299v and L. rhamnosus GR-1 were resuscitated by
propagating in MRS broth, as described above. Isolated colonies were streaked onto MRS
agar to prepare a sub-culture. Single colonies were used to inoculate 3 ml of MRS broth,
and in turn used to inoculate 500 mL MRS broth. After growth, the cells were centrifuged
at 1600 x g for 20 minutes. The supernatant was completely removed, and the cells
washed twice with cold sterile phosphate buffered saline (PBS). The pellet was
resuspended in 25 mL 10% sterile skim milk (Nestlé, Markham, ON) to a concentration
of 3.0 x 10'° colony forming units (CFU)/mL. Aliquots of 100 pL of L. rhamnosus GR-1
in skim milk, or skim milk alone as a placebo control, were placed in sterile 1.5 mL
Eppendorf tubes to create individual daily treatments. These were stored at -20°C until

use.

Bacterial cell numbers were confirmed by serial dilution and bacteriological plate count.
In addition, aliquots were subjected to freeze-thaws to reconfirm the bacterial numbers
present and to ensure the placebo was not contaminated.
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Table 1. Probiotic strains and preferred growth media used in animal studies

Strain  Source Non-selective Selective growth

growth media media

L. plantarum  299v  GoodBelly MRS broth/agar LPSM
probiotic drink
isolate
(NextFoods)

L. rhamnosus GR-1 Distal urethral MRS broth/agar MRS FA

clinical isolate

MRS: de Man, Rogosa, Sharpe Lactobacillus culture medium
LPSM: Lactobacillus plantarum selective medium?8*

MRS FA: de Man, Rogosa Sharpe Lactobacillus culture medium with the addition of 32
pg/mL fusidic acid (FA)
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2.1.2 Animals

The animal experiments were approved by the Animal Use Subcommittee of Western
University and a copy of the the Animal Use Protocol is provided in the appendix.
Procedures adhered to the guidelines of the Canadian Council on Animal Care (Ottawa,
ON). The experiments were performed on male Sprague-Dawley rats weighing between
175-225 grams (body weight was determined immediately prior to commencing the
study). Animals were randomly assigned treatment groups as outlined in table 2. Animals
were fed a standard chow diet throughout the studies.

2.1.3  Coronary artery ligation model for heart failure in the rat

Heart failure was induced using a sustained coronary artery ligation (CAL) model. Rats
were anesthetized by intraperitoneal injection with pentobarbital sodium (5 mg/kg body
weight), intubated, and artificially ventilated using a rodent respirator (model 683,
Harvard Apparatus). To induce myocardial infarction in the LV, the left main coronary
artery was ligated using a silk suture. For sham operation, the suture was placed in the
exact fashion, then was removed without any tying. All animals were housed singly per
cage after surgery. The animals sustained ligation for either 4 or 6 weeks without any
reperfusion of the coronary artery, then were euthanized for further analysis. The surgery
was performed by Dr. Karmazyn's staff, and the analyses performed for each trial are
listed in table 3.

2.1.4 Probiotic administration

Probiotic administration was provided immediately following the CAL or sham surgery.
Rats were provided 1 dose/day of probiotic in their drinking water for ad libitum
consumption for either 4 or 6 weeks. The water was changed daily. The specific surgeries
and probiotic treatments are listed in table 2. Based on typical daily water consumption, it
was estimated that the average probiotic dose in the active treatment group was 1.5 x 10°
CFU/day.



Table 2. Surgery and treatment assignments for animal studies

Group # Surgery Treatment
4 week pilot study 1 CAL Water
(n=5/group)
2 CAL L. plantarum 299v
3 CAL L. rhamnosus GR-1
6 week study 1 Sham Water
(n=10/group)
Sham L. rhamnosus GR-1
3 CAL Water
4 CAL L. rhamnosus GR-1
5 CAL Sterile skim milk
6 CAL 4 weeks L. rhamnosus

GR-1 + 2 weeks sterile

skim milk

CAL: coronary artery ligation
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Table 3. Analyses performed for animal studies

Study Parameters measured

4 week pilot study Left ventricular hypertrophy, cardiac mechanical
(n=5/group) function, bacterial cultivation of digesta

6 week study Left ventricular hypertrophy, cardiac mechanical
(n=10/group) function, left ventricular internal dimensions,

hemodynamics, blood cytokine and adipokine
concentrations, bacterial cultivation of digesta,

microbial profile analysis of cecum digesta

2.1.5 Echocardiography

Echocardiography evaluations were performed on each animal prior to CAL surgery and

probiotic treatment (week 0), and every 2 weeks thereafter until sacrifice. Rats were
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anesthetized with 2% isoflurane, placed in supine position on a heated platform. Images
were analyzed using the Vevo 770 Protocol-Based Measurements software
(VisualSonics, Canada) and calculations for the dimensions of the LV diameter were
taken using M-Mode 2 dimensional echocardiography images. Doppler measurements
were taken to determine peak early diastolic filling velocity (E wave), peak late diastolic
filling velocity (A wave), and E/A ratios. The echocardiography evaluations were

performed by Dr. Karmazyn's staff. The same reader conducted all evaluations blindly.

2.1.6 Hemodynamic measurement

Hemodynamic measurement was taken immediately prior to sacrifice, 6 weeks after CAL
or sham surgery. Rats were anesthetized with pentobarbital sodium (50 mg/kg body
weight), and an anterior thoracotomy was performed. The LV was catheterized once via
the right carotid artery using a 2.0F P-V Mikro-Tip catheter (Millar Instruments, USA),
and the left ventricular systolic and diastolic pressures were measured. The hemodynamic

measurement was performed by Dr. Karmazyn's staff.

2.1.7 Blood collection and chemokine/cytokine analysis

Immediately following hemodynamic measurements, 4 mL of blood was collected by
terminal bleeding directly from the heart and kept on ice in Vacutainer™ 10.8 mg K2
EDTA blood collection tubes (BD) until processing. Blood samples were centrifuged at
1000 x g for 10 minutes and plasma was stored at -80°C. The following nine cytokines
were chosen from The MILLIPLEX® MAP Rat Cytokine/Chemokine Magnetic Bead
Panel (EMD Miillipore, Billerica, MA, USA) for blood cytokine analysis: Fractalkine,
GRO/KC, IFN-y, IL-1a, IL-6, MCP-1a, MIP-1a, RANTES, and TNF-a. Blood plasma
samples were thawed to room temperature and the assay and analysis was performed
following the manufacturers protocol for the Bio-Plex 200® system (Bio-Rad,
Mississauga, ON).

2.1.8 Heart weight measurement and tissue processing

At sacrifice, the hearts were removed from the animals, images were obtained, and the

whole heart and dissected LV were weighed. Fifty to one hundred milligrams of tissue
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from the LV (non-ischemic region) of each heart from the six week-long study was

collected and stored at -80°C for later ANP gene expression.

2.1.9  ANP gene expression analysis of left ventricular tissue

RNA was collected from the non-ischemic region of left ventricular tissue using QIAzol
Reagent (QIAGEN, Mississauga, ON) as per the manufacturer’s instructions. Reverse
transcription (RT) of RNA into cDNA for real-time quantitative polymerase chain
reaction (QPCR) analysis of ANP gene expression was performed using M-MLV Reverse
Transcriptase (Invitrogen, Burlington, ON) as per the manufacturer’s protocol. The real-
time gPCR reactions were performed using SYBR Green Master Mix (Applied
Biosystems, USA), and gene products were quantified using a DNA Engine Opticon 2
thermal cycler. PCR conditions and primer sequences are summarized in table 4. The
housekeeping gene, 18S rRNA, was measured and quantified to normalize gene
expression levels using the standard curve method. The analysis was performed by Dr.

Karmazyn’s staff.
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Table 4. Gene primer sequences and cycle conditions used for real-time quantitative PCR

analysis of heart tissue

Gene Forward Primer Sequence Reverse Primers sequence
(5,_3,) (5’_3,)
ANP CTGCTAGACCACCTGGAGGA  AAGCTGTTGCAGCCTAGTCC

18SrRNA GTAATCCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

Cycle 40 x (30 seconds @ 95°C , 25 seconds @ 60°C, 30 seconds @ 72°C)

conditions

ANP: atrial natriuretic peptide
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2.1.10 Cecum digesta sample collection and bacterial cultivation

After sacrifice, the cecum and colon were removed immediately. Three grams of cecum
and colon digesta were collected and frozen at -80°C until further use, or immediately
used for cultivation experiments. Fresh cecum and colon digesta (0.3 g each) were
resuspended in 1 mL sterile PBS. Serial dilutions (103-108) were made and 10 pL of
each was drop-plated in triplicate. The selective growth media listed in table 1 were used
to isolate colonies of both L. rhamnosus GR-1 and L. plantarum 299v. For isolating L.
rhamnosus GR-1, 32 ug/mL fusidic acid (FA) (Sigma, Mississauga, ON) was filter
sterilized and added to sterile MRS agar. For isolating L. plantarum 299v, Lactobacillus
plantarum Selective Media (LPSM) was used®. This medium has the same MRS
formulation except for the replacement of dextrose with sorbitol, and the addition of
0.02g/L bromocresol purple, and later 0.02 g/L filter sterilized ciprofloxacin to the sterile
agar medium. In the presence of bromocresol purple, the production of acid from sorbitol
by L. plantarum 299v turns the originally purple media yellow. MRS agar, MRS FA and
LPSM plates were incubated at 37°C anaerobically for 48 hours and colonies were

enumerated.

2.1.11 Cecum microbiota analysis

Both the colon and cecum samples were cultivated on selective media immediately
following sacrifice. Once the colonies were isolated and enumerated it became apparent
that both sites had similar bacterial abundance. It has been reported that nearly all
endogenous metabolic activity by gut bacteria in the rat occurs in the cecum and colon
only*®. Based on the levels of short chain fatty acids detected, the gut microbiota of the
cecum is more robust in fermenting and metabolism than the colon'®®. As metabolite
levels are indicative of the function and activity of the endogenous bacteria, this suggests
that the majority of gut microbial activity in the rat is housed in the cecum. Based on this,
and the similar results from the cultivation of cecum and colon digesta, it was decided to
consolidate the next-generation sequencing 16S rRNA gene analysis by investigating the

microbiota of cecum digesta only.



37

Cecum digesta samples from the six week study were thawed to room temperature and
DNA was extracted using the Ql1Aamp DNA stool mini stool kit (QIAGEN) according to
the manufacturer’s protocol with the following additional steps: approximately 0.2 grams
of digesta was suspended in the lysis buffer with a 90 second bead beating step prior to
95°C lysis. For optimal DNA vyield, all centrifuge times were doubled and the final
incubation with the Buffer AE elution buffer was increased to 2 minutes. DNA from each
sample was immediately quantified using a Qubit® 2.0 fluorometer (Life Technologies,
Burlington, ON), and stored at -80°C.

2.1.12 Amplification of bacterial DNA

The V6 hypervariable region of the 16S rRNA gene was amplified from DNA template
extracted from each cecum digesta sample (refer to table 5 for primer sequences and
cycle conditions). Each left forward 5 primer (V6LT) was tagged with a unique barcode
sequence at the 3” end. This barcode enabled identification of the samples after the
sequencing. The right reverse primer (V6RT) contained an lon Torrent adapter sequence

on the 5’ end.

Forty L PCR reactions were prepared using 5 uL of DNA template per reaction, or 5 pL
of nuclease-free water as negative control. Each PCR reaction contained 1.5 mM MgCl>
0.8 UM each primer, 4 uL 10X PCR buffer (Invitrogen), 0.2 mM dNTPs, 0.05U GO Taq
polymerase (Invitrogen), and 0.1 pL 5% bovine serum albumin (Sigma). PCR was

performed as described using an Eppendorf Mastercycler® PCR machine (Eppendorf).

Amplification products were quantified using Qubit® fluorometer (Life Technologies) to
determine DNA concentration, and equimolar quantities were pooled and purified using
the QIAquick PCR purification kit (Invitrogen). V6 16S rRNA next-generation
sequencing using the lon Torrent platform (Life Technologies) was then performed at the
London Regional Genomics Center, Robarts Research Institute, Western University, as

per the Center’s standard operating procedure.
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Table 5. Primer sequences and cycle conditions used for PCR amplification of DNA

extracted from cecum digesta samples.

16S rRNA gene  Primer sequence (5°-3°)

V6LT CCATCTCATCCCTGCGTGTCTCCGACTCAG
V6RT AC(A or G)ACACGAGCTGACGAC

PCR cycle 1 X (2 minutes @ 95°C)

conditions

25 X (1 minute @ 95°C, 1 minute @ 55°C, 1 minute @ 72°C)

V6LT: Left forward V6 primer

V6RT: Right reverse V6 primer
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2.1.13 Sequence Analysis

Raw sequence data was filtered, processed, and analyzed using a modified version of a
data analysis pipeline developed by Dr. Gregory Gloor (Department of Biochemistry,
Western University)!8. Custom Perl scripts were used to assign barcoded reads to each
individual sample. For quality control, each bar-coded sequence required a minimum 500
reads. Reads were discarded that weren’t within 70 — 90 base-pairs in length between the
right and left primers. To avoid erroneous taxonomic assignment that is intrinsic to lon
Torrent sequencing in cases of low abundance reads, sequences present at less than 0.5%
abundance were not kept for analysis. Sequences present at 0.5% abundance and greater
were clustered by similarity to a seed sequence at 97% identity using Uclust version
3.0.617*¥7. The most abundant sequence in each cluster was designated as a
representative operational taxonomic unit (OTU). Taxonomic assignments were made
using Seqmatch from the Ribosomal Database Project!®. Seqmatch data was parsed and
matched using the Greengenes database!®®. For multiple top matches with equal scores,
the highest common taxonomy was assigned to a given OTU. Classification was assigned
at either the family or genus level if the sequence alignment was less than a 95% match.
Taxonomic assignments were then arranged and presented using QIIME for 16S rRNA
analysis'®® and microbial communities from each sample were compared using weighted

UniFrac beta-diversity analysis®?.
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2.2 The effect of probiotic administration on
hypertrophic cardiomyocytes cultured in vitro

To assess the effect of probiotic administration on cultured cardiomyocytes, co-culture
assays were developed using neonatal rat ventricular cardiomyocytes (NVCM). Primary
NVCM cultures were isolated from 1-3 day old neonatal Sprague-Dawley rat pups by lab
staff of Dr. Karmazyn as previously described*® and in accordance with the guideline of
the Canadian Council on Animal Care (Ottawa, ON). For experiments, NVCM isolated
from the same litter were pooled to represent one biological replicate (one “n” value). |
developed assays to evaluate the effect of probiotic treatment on hypertrophic NVCM,
using cell surface area and gene expression measurements as indices of hypertrophy. The

specific procedures for each assay are described below.

2.2.1 Neonatal rat ventricular cardiomyocyte culture

NVCM were plated on Primaria™ (Falcon) culture dishes at optimal concentrations for
each co-culture experiment: 3 x 10 cells to allow room for growth and visualization for
cell surface area measurements and 6 x 10 cells to ensure sufficient RNA production for
gene expression experiments. Two mL of warm culture medium (table 6) was added to
each dish and the cells were maintained at 37°C 5% CO.. After 48 hours, cells were
washed with warm PBS-ABC (table 7) and the culture media was changed daily
thereafter. All reagents were tissue culture grade and filter sterilized or autoclaved. The
NVCM cell culture medium was adjusted to a pH of 7.10. Cells were maintained for
either 3 days for cell surface area experiments, or 5 days for gene expression

experiments, before commencing each experiment.



Table 6. Culture medium reagents for NVCM cell culture

Chemical Name

Manufacturer/

Catalogue #

Concentration

DMEMF12 + HEPES
NaHCOs3

Fetal Calf Serum
Transferrin

Insulin
Penicillin/Streptomycin
Bromodeoxyuridine
Linoleic Acid

Bovine Serum Albumin
(Fraction V)

MEM Non-essential Amino
Acids

Vitamin x 100
Sodium Selenite
Pyruvic acid

L-Ascorbic Acid

Gibco 11330-032
Sigma/S6014
Gibco 12483-020
Sigma/T-0665
Sigma/I-5500
Gibco/15140-122
Sigma/B-5002
Sigma/L-1012

Gibco/15260-037

Sigma/A-4403

Gibco/11120-052
Sigma

Sigma

1L

30 mM
10%

10 mg/L
10 mg/L
1%

0.1 mM
5 mg/L

2 g/L

1%

0.1%
10 pg/L
3mM

100 uM
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Table 7. PBS solutions for NVCM cell culture

42

Reagent Chemical Concentration
PBS A NaCl 10 g/L
KCI 0.250 g/L
NazHPO4-7H20 2.71 g/L
KH2PO4 0.250 g/L
PBS B CaClz-2H.0 1.32 g/L
PBS C MgClz-6H,0 2.13g/L
PBS ABC! PBS A 80%
PBS B 10%
PBS C 10%

PBS: phosphate buffered saline

'PBS ABC was prepared fresh from PBS A, PBS B, PBS C stocks at the beginning of

each NVCM cell culture experiment.
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2.2.2 Probiotic cultures and conditions

Five probiotic strains were used for NVCM co-culture experiments: Lactobacillus
rhamnosus GR-1, Lactobacillus rhamnosus CMPG10200, Lactobacillus reuteri RC-14,
Lactobacillus plantarum 299v, and Streptococcus salivarius K12.

Lactobacillus rhamnosus CMPG10200 is a mutant L. rhamnosus GR-1 strain (details are
provided in the next section). L. reuteri RC-14 is a vaginal clinical isolate, and S.
salivarius K12 is a probiotic strain used for oral health in the probiotic lozenge BLIS
K12® (BLIS Technologies, Dunedin, Otago, New Zealand). S. salivarius K12 was grown
in Todd Hewitt broth/agar.

The strains were resuscitated from -80°C freezer stocks kept at the Canadian Centre for
Human Microbiome and Probiotic Research (London, Ontario, Canada) and propagated
to second sub-cultures as described in the previous section. All strains were grown to 10°
CFU/mL, anaerobically using the GasPak™ system (BD) at 37°C.

2.2.3  Mspl knock out L. rhamnosus GR-1 strain CMPG10200

The major secreted protein (Mspl) produced by L. rhamnosus GR-1 is homologous to
p75%2, the protein produced by L. rhamnosus GG that has shown to have anti-apoptotic
activity in intestinal cells!3® and confers protection against I/R in the heart!’®. The Msp1
knock out mutant strain was kindly provided by Dr. Sarah Lebeer (Department of
Bioengineering, University of Antwerp, Belgium). The strain was constructed by
insertational mutagenesis®®2. Briefly, an internal fragment of the msp1 gene was
amplified by PCR and cloned into pCRII-TOPO vector. (Invitrogen). The vector was
digested with EcoR1 and further ligated into an erythromycin-resistant vector. E. coli
TOP10F was transformed using this ligation product and the suicide vector was then
electroporated to L. rhamnosus GR-1. L. rhamnosus CMPG10200 was grown in MRS
broth/agar with the addition of 5 pg/mL erythromycin.

The Msp1 protein is a cell wall hydrolase that is necessary for daughter cell separation®®?,
This protein was of interest because in previous studies it was shown to protect against

ischemic injury in the heart and prevented stress-induced cellular apoptosis in intestinal
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epithelial cells!3®:178179.1%3 prior to receiving the strain, the absence of Msp1 knock-out
was confirmed by Western blot using anti-Msp1 antiserum. Microscopic examination of
the mutant also confirmed the absence of Mspl: While the mutant is able to grow to the
same density as the wild-type (WT), there is a clear defect of cell wall separation

visualized by bright-field microscopy (figure 1).
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(b)

(c)

Figure 1: Phase-contrast images of WT GR-1 and CMPG10200 strains

(a) WT GR-1 (40x); (b) CMPG10200 (40x); (c) WT GR-1 (100x). Arrows indicate WT
sites of cell septa; (d) CMPG10200 (100x)
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2.2.4  Probiotic treatment preparation

The probiotic treatments designed for the NVCM/probiotic co-culture experiments are
listed in table 8. Following resuscitation and propagation, 10 mL of the appropriate broth
media was inoculated from a single isolated colony of each probiotic strain from an agar
plate, and the culture was grown anaerobically at 37°C as described above. The broth
culture (10° CFU/mL) was used as the standard probiotic treatment for each strain. All
cultures were serially diluted and drop-plated onto the appropriate agar media to confirm

concentration.

To create the probiotic-conditioned media (PCM) with probiotic cells removed, 1 mL of
the broth culture was placed in a clean, sterile, microcentrifuge tube and centrifuged at
12,000 x g at 4°C for 5 minutes. The supernatant was carefully collected without
disturbing the bacterial pellet and transferred to a new, sterile microcentrifuge tube. This
centrifugation step was repeated, and the supernatant was transferred to a new sterile
microcentrifuge tube, to be used as the PCM treatment. Samples of the PCM treatments

were plated onto MRS agar to ensure no probiotic cells could be detected by cultivation.

Aliquots of the PCM were also either heat denatured (HD) by incubation at 80°C for 30
minutes or incubated in a 1:1 trypsin-EDTA (Gibco, Burlington, ON) solution at 37°C for
20 minutes. The trypsin-PCM (Tryp PCM) solution was then treated with a 0.05% trypsin
soybean inhibitor Glycine max (Sigma) to eliminate trypsin activity on the NVCM
culture. For filtered PCM treatments, the probiotic PCM was filtered using Centricon
Plus-20 centrifugal filters according to manufacturer’s instructions (Millipore). Both the

filtrate and retentate were collected and applied as a treatment.

The original bacterial pellet from the PCM treatment preparation was saved, washed with
ice cold sterile PBS, and centrifuged at 12,000 x g at 4°C. The supernatant was discarded
and the pellet was resuspended in 1 mL of sterile PBS. The pellet was then vortexed
thoroughly and the suspension was used as the live probiotic cell treatment, with PCM
removed. Aliguots of these cells were heat-killed (HK) by incubation at 80°C for 30
minutes. These cells were plated onto MRS agar to ensure no live probiotic cells were

present.



All volumes of probiotic treatments used in the co-culture experiments were 50 uL,
unless otherwise stated. The average concentration of all probiotic cultures used in each

experiment was 10° CFU/mL.
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Table 8. Probiotic treatments for NVCM co-culture studies.
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Probiotic Strain

Treatment

L. rhamnosus GR-1

L. rhamnosus CMPG10200

L. plantarum 299v
L. reuteri RC-14

S. salivarius K12

Standard probiotic treatment (GR-1)

Live cells suspended in PBS (GR-1 cells)
Heat-Killed cells suspended in PBS (HK GR-1 cells)
PCM (GR-1 PCM)

Heat-denatured PCM (HD PCM)

Centrifugal filtered PCM (PCM Filtrate/Retentate)
Trypsinized PCM (Tryp PCM)

Standard probiotic treatment (CMPG10200)

Live cells suspended in PBS (CMPG10200 cells)
PCM (CMPG10200 PCM)

Standard probiotic treatment (299v)

Standard probiotic treatment (RC-14)

Standard probiotic treatment (K12)
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2.2.5 Induction of hypertrophy and probiotic administration

To induce hypertrophy in NVCM, the al-adrenergic receptor agonist phenylephrine (PE)
was applied to the cells. Following 3 days of culture for cell surface area experiments and
5 days for gene expression experiments, 10 uM PE was added to each dish. After gently
swirling to distribute the PE, a probiotic treatment was immediately added to the NVCM
in triplicate. The dishes were gently swirled again, and incubated at 37°C, 5% CO. for 24
hours. After the 24 hour co-culture, the medium was removed from each dish and
replaced with PBS. Media containing probiotic cells were spread-plated to determine

viability after the 24 hour co-culture.

2.2.6  Cell surface area measurement and analysis

The physical effect of probiotic administration on hypertrophic NVCM was evaluated by
taking cell surface area measurements. Cells were viewed and images were obtained
using phase contrast microscopy with the Nikon Eclipse TE2000 inverted microscope
(Nikon Instruments Inc., USA). Surface area measurements of 50 random cells from at
least 5 fields of view per dish (20x objective) were conducted blindly using the calibrated
NIS-Elements BR software (Nikon Instruments Inc., USA). The average cell surface area
per dish was used to calculate a total average cell surface area per treatment. The fold
change in surface area was determined by dividing the treatment average by the control

average. All experiments were repeated independently at least 5 times.

2.2.7  Gene expression of hypertrophic markers in NVCM co-
cultured with probiotics

In order to confirm that the change in cell surface area was due to an attenuation of

hypertrophy, the gene expression of the hypertrophic markers ANP and a-skeletal actin

(aSKA) were measured after a 24 hour treatment period. The analysis was performed

using the real-time qPCR technique, and all experiments were repeated independently 3

times.
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2.2.8  RNA extraction and purification

Following the 24 hour treatment period, the medium was aspirated off each dish and
stored in sterile a microcentrifuge tube at 4°C for later bacterial enumeration. 1 mL of
TRIzol (Invitrogen) was added to each dish. The cells were scraped thoroughly off of
each dish using a plastic cell scraper and the TRIzol mixture was transferred to an
RNase-free 1.5 mL microcentrifuge tube, vortexed, and incubated at room temperature
for 10 minutes. Two hundred pL of chloroform was added to each tube, vortexed
vigorously, and incubated at room temperature for 10 minutes. The tubes were then
centrifuged at 16,000 x g for 15 minutes at 4°C. 500 uL of the upper aqueous phase
containing RNA was carefully transferred into a new RNase-free microcentrifuge tube.
500 uL of 100% ethanol was added to each tube containing the aqueous RNA and the
tubes were vortexed for 20 seconds. 500 pL of the ethanol-RNA mixture was transferred
to a PureLink® RNA spin column (Life Technologies). The column was centrifuged at
12,000 x g for 15 seconds, and the flow through was discarded. This was repeated until
all of the ethanol-RNA mixture was passed through the column. Following the
PureLink® RNA mini kit protocol for binding, washing, and elution (Life Technologies),
RNA was recovered and quantified using the NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, USA). Purity of RNA was quantified using 260/280 and
260/230 ratios. RNA quality cut-off was set at >1.75 and >1.8 for 260/280 and 260/230,
respectively. RNA quality was also confirmed by viewing products via electrophoresis in
a 1% agarose gel using 1x TAE stained with ethidium bromide, and viewed under UV

light using Alphalmager (Alpha Innotech Corporation, USA).

RNA samples falling under the quality limits underwent an ethanol precipitation protocol
as follows: 3 pL of sodium acetate and 90 pL of 100% ethanol were added to each RNA
sample for overnight precipitation at -20°C. The next day, RNA samples were
centrifuged at 16,000 x g for 20 minutes at 4°C. The supernatant was discarded and the
pellet containing crude RNA was resuspended in ice-cold 70% nuclease-free ethanol,
vortexed, and centrifuged at 16,000 x g for 20 minutes at 4°C. This step was repeated
once more. All the ethanol was removed from each tube using a fine pipette tip, and the

tubes were left open for 1 minute to evaporate the last of the ethanol. The crude RNA was
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then resuspended in 15 pL nuclease-free water, and quality was assessed using the
NanoDrop 1000 spectrophotometer, as described above. RNA samples were stored at -

20°C until further processing.

2.2.9 Reverse transcription

Samples of RNA ranging from 300 ng — 2 pug were used as a template for RT PCR.
cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Canada). The master mix and cycle conditions for RT are listed in
table 9.

Ten pL of the RT master mix was combined and mixed with 10 uL of RNA sample (or
10 uL of nuclease-free water for the negative control) in an RNAase-free 96-well plate,
creating a 20 pL reaction. The PCR reaction was carried out in an Eppendorf
Mastercycler® PCR machine (Eppendorf). cDNA concentration was measured on all
negative controls and 3 random cDNA samples using a Qubit® 2.0 fluorometer (Life
Technologies) to confirm successful RT. The cDNA was then diluted into 340 pL of

nuclease-free water and stored at -20°C until further use.



Table 9. Master Mix components for reverse transcription

Component

Volume/reaction (uL)

10x RT Buffer

25x dNTP Mix (100mM)

10x RT Random Primers
Multiscribe™ Reverse Transcriptase
Nuclease-free water

Final VVolume

2.0
0.8
2.0
1.0
4.2

10

PCR conditions

10 minutes @ 25°C

120 minutes @ 37°C

5 minutes @ 85°C

RT: Reverse transcription

dNTP: deoxyribonucleotide triphosphate

52



53

2.2.10 Quantitative real-time PCR

gPCR was used to evaluate the gene expression of the hypertrophic markers atrial
natriuretic peptide (ANP) and o-skeletal actin (aSKA), relative to a housekeeping gene,
in this case 18S rRNA. ANP, aSKA and 18S rRNA primer sequences were designed
using the Primer-BLAST tool from the National Center for Biotechnology Information
(NCBI)'®. The sequences are listed in table 10.

The primers were stored in a stock solution containing 800 nM of both forward and
reverse primer. Prior to running the cDNA samples, the primers were validated using
serial dilutions of a positive control cDNA sample. Five uL of each serial dilution was
combined in triplicate with 10 uL Power SYBR Green Master Mix (Life Technologies),
and 5 pL of the 800 nM primer stock solution. The PCR reaction was then carried out in
a 384-well reaction plate using the 7900 HT Sequence Detection System (SDS) and
primer efficiencies were determined using SDS 2.3 Sequencing Software (Applied
Biosystems, Life Technologies). The efficiencies for 18S rRNA, ANP and aSKA
respectively were 97.24, 97.50 and 98.03%. The PCR products were then viewed via
electrophoresis in a 3% agarose gel using 1x TAE stained with ethidium bromide, and
viewed under UV light using Alphalmager (Alpha Innotech Corporation, Santa Clara,
CA, USA) (figure 2).

After primer validation, cDNA samples were used as template for g°PCR reactions. 5 puL
of each cDNA sample was combined in triplicate with 10 pL Power SYBR Green Master
Mix (Life Technologies), and 5 puL of 800 nM primer stock solution. Each reaction was
carried out in triplicate for all 3 primers in a 384-well reaction plate using the same

machine and method as above.

2.2.11 Real-time quantitative PCR data analysis

Analysis was carried out using RQ Manager 1.2 Data Analyzer (Applied Biosystems,
Life Technologies). Relative gene expression of aSKA and ANP was determined using

18S rRNA as the endogenous control. Gene expression in a treatment cDNA sample
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measured in terms of relative quantification (RQ), using the comparative threshold cycle
(Cy method. The C; of the PCR reaction in which aSKA or ANP was detected was
compared to the C; of detection for 18S rRNA. The total difference in C; over 40 cycles
of PCR is then used to determine the RQ of a sample. RQ represents the fold change in
gene expression compared to a calibrator (untreated control cDNA sample). The RQ of
the calibrator = 1. The standard deviation (SD) of C; values was used to determine the
quality of the technical replicates in each sample. If the SD was over 0.25, the RQ value

for that sample was considered unreliable and was not used in the data analysis.



Table 10. Genes and primer sequences used for quantitative real-time PCR.
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Gene

Primer Sequence

aSKA (NM_019212.2)

Forward: 5’-CAGAGTCAGAGCAGCAGAAACT-3’
Reverse: 5>-GTTGTCACACACAAGAGCGG-3’

Product size: 71 base pairs (BP)

ANP (NM_012612.2)

Forward: 5’-CCCTCCGATAGATCTGCCCT-3’

Reverse: 5’-TTCGGTACCGGAAGCTGTTG-3’

Product size: 148 BP

18S rRNA

(NR_046237.1)

Forward: 5°>-GTAACCCGTTGAACCCCATT-3’

Reverse: 5’-CCATCCAATCGGTAGTAGCG-3’

Product size: 148 BP

PCR cycle conditions

40x (10 minutes @ 95°C, 15 seconds @ 60°C)




Figure 2. PCR products from primer validation for real-time gPCR
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2.3 Statistical Analysis

All statistical analyses were performed using GraphPad Prism 5 and statistical analysis

reports for all NVCM experiments are provided in the appendix.

Data from CAL animal studies were reported as means * standard error.
Echocardiographic data were analyzed using 2-way analysis of variance (ANOVA) with
repeated measures and a post hoc Tukey test and all other data were analyzed using a 1-
way ANOVA followed by a post hoc Tukey test. Differences were considered significant
when P < 0.05. Statistical analysis for the next-generation sequencing data was
performed using Uclust'®’, QIIME®®, UniFrac'®!, and a modified version of a data
analysis pipeline published by Dr. Gregory Gloor&:1%,

For NVCM experiments, technical triplicates for each experiment were performed on at
least 3 biological replicates. Data reported are means of biological replicates + standard
deviation. Differences between means of the treatments were compared using a 1-way
ANOVA followed by a post hoc Tukey test, or by a Student’s t-test. Differences were

considered significant when P < 0.05.



Chapter 3 : Results
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3 Results

3.1 Probiotic administration attenuates heart failure in
the rat

In both the 4 week pilot study and the 6 week study, probiotic administration attenuated
several parameters of HF after MI induced by CAL surgery. Overall, none of the
surgeries or treatments exerted any effect of body weight growth throughout the trials. In
terms of the outcome of HF, animals receiving L. rhamnosus GR-1 for 4 weeks, followed
by a 2 week treatment cessation period had the identical outcome as animals receiving L.
rhamnosus GR-1 for the entire 6 week trial. Herein, the data corresponding to “GR-1”
represents to the 6 week treatment group only. There was also no difference in outcome
in animals on the control skim milk treatment versus the control water treatment. Because
there was no sham group on skim milk treatment, it was decided to use the water control
group for the data analysis. Herein, the data corresponding to “water” represents the
control group for either sham or CAL operated animals. The outcomes on specific indices

for HF are described in detail in following sections.

3.1.1 Probiotic administration attenuates cardiac hypertrophy

Cardiac hypertrophy was measured by comparing the LV weight (LVW) to total body
weight (BW) for each animal. An increase in the LVW/BW ratio indicates left ventricular
hypertrophy. In both studies, CAL significantly increased LVW (P < 0.05). Figures 3 and
4 show that this was significantly attenuated by both L. rhamnosus GR-1 and L.

plantarum 299v administration (P < 0.05).

In the 6 week-long study, hypertrophy was also measured by ANP gene expression in the
LV. CAL significantly increased ANP expression, indicating a hypertrophic response in
the LV, 6 weeks post-surgery (P < 0.05). This response was nearly normalized with L.
rhamnosus GR-1 administration (figure 4).
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Figure 3. LVW/BW ratios in animals subjected to 4 weeks of CAL

The left ventricle of each animal was dissected and weighed at the end the study period.
The LVW/BW ratio was significantly reduced by GR-1 and 299v treatment. Error bars
indicate + SEM (n=5). *P < 0.05 compared to CAL.
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Figure 4. LVW/BW ratios and LV ANP gene expression in animals subjected to CAL or

sham surgery for 6 weeks

The left ventricle of each animal was dissected, weighed, and processed for gPCR at the
end the study period. Gene expression of ANP was normalized to the 18S rRNA
housekeeping gene and is reported as a ratio to 18S rRNA expression. Error bars indicate
+ SEM (n=10). * P < 0.05 compared to the sham group; *P < 0.05 compared to CAL +

water.
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3.1.2  Probiotic administration attenuates LV dysfunction post-CAL

Cardiac mechanical function was assessed by serial echocardiography. Animals were
analyzed immediately prior to surgery and probiotic treatment, and every two weeks
thereafter. Figures 5 and 6 show data from LV echocardiographic analyses performed
over the 4 week pilot study and the 6 week study respectively. CAL induced a significant
decrease in ejection fraction (EF) and fractional shortening (FS) and a significant increase
in early wave to atrial wave (E/A) ratio over the duration of both studies (P < 0.05). L.
rhamnosus GR-1 and L. plantarum 299v administration resulted in near-normalization of
these parameters. The left ventricular internal diameters (LVID) were also assessed in the
6 week-long study. Representative echocardiography images and the LVID systolic
(LVIDs) and LVID diastolic (LV1Dd) are shown in figure 7. CAL significantly increased
LVID over 6 weeks (P < 0.05), although this was significantly attenuated with L.

rhamnosus GR-1 administration.
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Figure 5. Echocardiography data collected every 2 weeks for 4 weeks total of sustained
CAL

GR-1 and 299v treatment attenuated the CAL-induced decrease in EF and FS and CAL-
induced increase in E/A ratio. Error bars indicate £ SEM (n=5). * P < 0.05 from CAL +
GR-1 and CAL + 299v; *P < 0.05 compared to week zero.
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Figure 6. Echocardiography data collected every 2 weeks for 6 weeks total of sustained
CAL or sham surgery

GR-1 administration significantly attenuated the CAL-induced reduction in ejection
fraction and fractional shortening and increase in E/A ratio in animals over the 6 week
trial period. Error bars indicate + SEM (n=10). * P < 0.05 compared to the CAL + GR-1,
sham + GR-1, and sham + water groups; *P < 0.05 from week zero (n=10).
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Figure 7. Representative images and corresponding quantified diastolic and systolic left

ventricular internal diameters from echocardiography evaluations

GR-1 treatment significantly attenuated the CAL-induced increase in LVID over the 6
week trial period. Error bars indicate + SEM (n=10). *P < 0.05 compared to the CAL +

GR-1, sham + GR-1, and sham + water groups; P < 0.05 from week zero.
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3.1.3 Probiotic administration attenuates hemodynamic
dysfunction function post-CAL
At the end of the 6 week study, animals were subjected to catheter-based hemodynamic
analyses and the data is summarized in figure 8. The hemodynamic data indicates systolic
and diastolic dysfunction were induced by CAL. The left ventricular end systolic pressure
(LVSP) significantly decreased with CAL (P < 0.05), while the left ventricular end
diastolic pressure (LVEDP) significantly increased (P < 0.05). These abnormalities were
significantly improved with L. rhamnosus GR-1 treatment (P < 0.05). Similarly, there
was a significant reduction in cardiac output and stroke volume after 6 weeks of sustained
CAL that was attenuated with L. rhamnosus GR-1 treatment (P < 0.05).
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Figure 8. Hemodynamic parameters assessed by cardiac catheterization after 6 weeks of
sustained CAL

CAL induced abnormalities in left ventricular end systolic and diastolic pressure (LVSP,
LVEDP), cardiac output, and stroke volume after the 6 week trial period. These
abnormalities were significantly improved with GR-1 treatment. Error bars indicate +
SEM (n=10). *P < 0.05 compared to respective sham group. *P < 0.05 compared to CAL

+ water group.



68

3.2 Probiotic administration has no effect on serum
cytokine levels

To determine whether or not probiotic administration alters the levels of inflammatory
factors involved in the cardiac remodeling process, serum samples were assayed for
levels of 9 cytokines after the 6 week CAL period. Any individual sample within a group
where a cytokine was not detected was excluded from the analysis. TNF-a values for all
samples fell below the threshold detection limit and therefore the data are not reported.
For all the other detectable values, there were no significant changes in concentration

across all the groups (figure 9).
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Figure 9. Concentration of 8 pro-inflammatory cytokines detected in plasma of animals
taken 6 weeks post-CAL or sham surgery

There was no significant difference in concentration of any of the cytokines across all
treatment groups (n=6-10)
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3.3 Probiotic administration improves CAL-induced
increase in plasma leptin to adiponectin concentration
ratio

Two adipokines, leptin and adiponectin, were assayed for serum concentration following
6 weeks of CAL. These adipokines are considered to have antagonistic function against
each other, and are associated with chronic HF*"°21%_CAL significantly increased serum
leptin levels (P < 0.05) but not serum adiponectin. There was a two-fold increase in
leptin, when normalized to adiponectin. These CAL-induced changes were significantly
attenuated with L. rhamnosus GR-1 administration (P < 0.05). These data are

summarized in figure 10.
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Figure 10. Plasma leptin and adiponectin levels 6 weeks post-CAL and sham surgery

GR-1 treatment significantly attenuated the CAL-induced increase in plasma leptin levels
and plasma leptin/adiponectin ratio. Error bars indicate + SEM (n=8). *P < 0.05

compared to sham + water; *P < 0.05 compared to CAL + water.
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3.4 Probiotic lactobacilli were found viable in the
cecum and colon digesta

L. rhamnosus GR-1 and L. plantarum 299v were readily cultivated from fresh cecum and
colon digesta samples on selective MRS agar (table 11 and table 12). The successful
cultivation of L. plantarum 299v was indicated by the purple LPSM agar turning bright
yellow due to sorbitol fermentation by L. plantarum 299v. Neither L. rhamnosus GR-1
nor L. plantarum 299v were successfully cultivated on selective media from digesta
samples of rats in milk or water controls. Representative images of isolated colonies are

displayed in figure 11.



Table 11. Cultivation of probiotic colonies on selective agar media from cecum and

colon digesta samples collected 4 weeks post-CAL. The data represents the average
CFU/mL in each group (n=10)
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Cecum (CFU/mL)

Colon (CFU/mL)

Group MRS FA LSPM MRS FA LPSM

CAL Not detected Not detected  Not detected Not detected
GR-1 6.59 x 108 Not detected  1.52 x 10° Not detected
299v Not detected 5.77 X 10° Not detected 5.49 x 10°




74

Table 12. Cultivation of probiotic colonies on selective agar media from cecum and
colon digesta samples collected 6 weeks post-CAL or sham surgery. The data represents

the average CFU/mL in each group (n=10)

Group Cecum (CFU/mL) Colon (CFU/mL)
1 (Sham + water) Not detected Not detected

2 (Sham + GR-1) 8.71 x 107 8.81 x 107

3 (CAL + water) Not detected Not detected

4 (CAL + GR-1) 6.73 x 107 5.67 x 107

5 (CAL + skim milk) Not detected Not detected

6 (CAL + GR-1 4wks/milk 7.56 x 10* 6.58 x 10*

2wks)




Figure 11. Representative images of agar plates inoculated with cecum digesta from

animals from the 4 week pilot study

Top: Purple LPSM plate inoculated with cecum digesta from the CAL only group
showing no cultivation of bacteria Middle: The originally purple LPSM plate turned
yellow after inoculation by cecum digesta from the 299v group and produced isolated
colonies. Bottom: Isolated colonies on MRS FA plate inoculated with cecum digesta

from the GR-1 group.
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3.5 Probiotic administration does not affect the
microbial composition of cecum digesta

Sequencing of the V6 region of the 16S rRNA gene generated 2,254,397 total usable
reads from 60 cecum digesta samples collected from the animals in the 6 week study.
Three samples did not run successfully and were excluded from the analysis (1 each from
group 2, 3, and 5). Using a minimum of 0.5% abundance threshold for any sample and a
>97% sequence identity, there were a total 242 distinct organizational taxonomic units
(OTU) groupings (figure 12). GR-1 was not detected in any of the 60 individual samples.
A heat map displaying the 50 most abundant OTUs detected in the cecum digesta
samples was generated and is displayed in figure 13. Community level variance was
evaluated using the ANOSIM nonparametric statistical method in QIIME. There was no
significant variance in microbial composition across the 6 treatment groups (R=0.1308).
Although OTU 0 appears to have variable abundance, one-way ANOVA testing indicates
that the variation is not significant (P > 0.05). Overall, there was no distinct grouping of
community compositions in any of the 60 samples, with respect to probiotic
administration. Weighted p-diversity UniFrac analysis-generated Principal Coordinate
Analysis (PCoA) plots were generated to display the dissimilarities in community
compositions of each sample (figure 14). There was no distinct grouping cecum digesta
samples from rats that received CAL surgery compared to sham, or rats that received L.
rhamnosus GR-1 compared the placebo treatment. This indicates that the both the CAL
surgery and probiotic treatment did not induce significant changes to the microbial

composition of the gut after 6 weeks of treatment.
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Figure 12. Bar plot displaying the microbial composition of cecum digesta

Each vertical bar represents the microbial profile of one individual animal (n=57). Each
colour represents a specific OTU detected in the digesta sample by 16S rRNA next-
generation sequencing (see colour legend). The amount of each colour in the vertical bar

represents the relative abundance of the OTU.
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Bacteroidetes;Bacteroldia;Bacteroidales; Bacteroldaceae; Bacteroides; acidifaciens;Other
Bacteroidetes;Bacteroidia;Bacteroidales; Bacteroldaceae; Bacteroides; bamesiae;Other
Bacteroldetes;Bacteroldla;Bacterokdales; Porphyromonadaceae;Barneslella,unclassified; Other
Bacteroidetes;Bacteroidia;Bacteroidales; Porphyromonadaceae;Barnesiella;viscericola; Other
Bacteroidetes;Bacteroidia;Bacteroidales; Porphyromonadaceae;Gram-negative bacterium; Other
Bacteroidetes;Bacteroldia;Bacterokdales; Porphyromonadaceae;Parabacteroides:distasonis; Other
" Bacteroidetes;Bacteroldia;Bacteroidales; Porphyromonadaceae Porphyromonadaceae; bacterium;Other
Bacteroldetes;Bacteroldia;Bacterokiales; Prevotellaceae; Prevotella;albensis; Other
Bacteroidetes;Bacteroidia:Bacteroidales; Prevotellacese; Prevotelia;brevis,Other
Bacteroidetes;Bacteroidia;Bacteroidales; Prevotellaceae;Prevatelia;bryantii; Other
Bacteroidetes;Bacteroldia;Bacterokdales; Prevotellaceae; Prevotella:maculosa;Other
Bacteroidetes;Bacteroidia;Bacteroidales; Prevotellace ae; Prevotella;unclassified;Other
Bacteroldetes;Bacteroldia;Bacteroidales; Prevotellaceae;unclass Fied;unclass ified; Other
Bacteroidetes;Bacteroidia;Bacteroidales; Rikenefaceae;Alstipes; putredinis;Other
Bacteroidetes;Bacteroidia;Bacteroidales;Rikenelaceae unclassified;unclassified;Other
Bacteroldetes;Flavobacteria;Flavobacteriales; Cryomorphaceae;\Wandonla; haliotis;Other
Bacteroidetes;Sphingobacteria;Sphingobacteriales;Sphingobacteriaceae;unclassified;bacterium;Other
Bacteroidetes;unclassified;unclassified:unclassified;unclassified; unclassified;Other
Denococcus-Thermus;Deinococci;Deinococcales; Deinococcaceae; Deinococcus;grandis;Other
Denococcus-Thermus;Denococcl;Thermaies Thermaceae; Meiothermus; hypogaeus; Other
Firmicutes; Bacllli;Bacillales;Allcyclobaclllaceae Allcyclobacilius; ferrooxydans; Other

Firmicutes; Bacllli;Bacillales; Alicyclobacillaceae Alicyclobacillus; pohiae;Other

Firmicutes; Bacilli;Bacillales;AlicyclobacillaceaeAlicyclobacillus;tolerans;Other

Firmicutes; Bacilli;Bacillales; Alicyclobacillaceae Alicyclobacillus;unclassified;: Other

Firmicutes; Bacilli;Bacillales;Bacillaceael ;Bacillus;subtifs;Other

Firmicutes; Bacllli;Baclllales;Baclllaceae2;Baclllales; bacterium;Other

Firmicutes; Bacill;Bacillales;Paenibacillaceael;Paenibacilus; amylolyticus;Other

Firmicutes; Bacilli;Bacillales;Paenibacillaceael ;Paenibacitus; borealis:Other

Firmicutes; Bacilli;Bacillales;Peenibacillaceael Paenibacilus; ruminacola;Other
Firmicutes;Bacilli;Bacillales;Paenibacillaceael ;Paenibacius;stelifer;Other

Firmicutes; Badlli;Bacikales; Paenibacillaceael Paenibacillus; unclassified; Other
Firmicutes;Badlli;Bacilales; Paenibacillaceael;unclassified;unclassified;Other
Firmicutes;Bacilli;Bacilales; Planococcaceae; Sporosarcina;unclassified; Other
Firmicutes;Badlli;Bacilales; Planococcaceae; Viridibadllus;arenosl;Other

Firmicutes; Bacdilli;Bacilales; Planococcaceae; unclassified;pastewrii;Other
Firmicutes;Badlli;Baciliales; Planococcaceae; unclassified;unclassified;Other
Firmicutes;Bacilli;BaciBales;Staphylococcaceae;Staphylococcus epidermidis; Other
Firmicutes;Badlli;Bacilales; Thermoactinomycetaceael ; Thermoactinomycetaceae; bacterium; Other
Firmicutes;Bacilli;Bacifiales; Thermoactinomycetaceael ; Thermoflavimicrobium;dichotomicum; Other
Firmicutes;Badilli;Baciliales;unclassified;Badillus; schlegeli;Other
Firmicutes;Badilli;Bacillales;unclassified;unclassified;unclassified;Other
Firmicutes;Badlli;Lactobacillales; Aerococcaceae;Facklamia;tabacinasalis;Other
Firmicutes;Badlli;Lactobacillales; Lactobacilaceae; Lactobacillus:intestinalis;Other
Firmicutes;Badilli;Lactobacillales; Lactobacillaceae; Lactobacillus parabrevis;Other
Firmicutes;Badlll;Lactobacillales; Lactobaciiaceae; Lactobacllius;reuteri; Other

Firmicutes; Badlli;Lactobaciiales; Lactobaciflaceae; Lactobacillus;unclassified;Other
Firmicutes;BadlliLactobacillales; Leuconostocaceae;Leuconostoc; pseudomesenteroides ;Other
Firmicutes;Bacilli;Lactobacillales; Stre ptococcaceae;Streptococcus; ferus;Other

Firmicutes; Badlli;Lactobacillales; Stre ptococcaceae;Streptococcus;suls:Other
Firmicutes;Badlli;Lactobacillales; Stre ptococcace ae;Stre ptococcus;unclassified; Other
Firmicutes;Clostridia:Clostridiales;Clostridiaceael ; Clostridium; perfringens ;Other
Firmicutes;Clostridia;Clostridiales;Clostridiaceael ;Costridium; unclassified; Other
Firmicutes;Clostridia;Clostridiales;Clostridiaceael;; Clostridium; vincentii; Other
Firmicutes;Clostridia;Clostridiales;Clastridiac eael ;Fervidicella; metallireducens; Other
Firmicutes;Clostridia;Clostridiales;Clostridiales_IncertaeSedisX|Tissierelia;creatinophiia;Other
Firmicutes;Clostridia:Clostridiales;Clostridiales_IncertaeSedisXlunclassifiedunclassified;Other
Firmicutes;Clostridia;Clostridiales;Clostridiales_IncertaeSedisX|l;Fusibacter;unclassified;Other
Flrmicutes;Clostridia;Clostridiales;Clostridiales_IncertaeSedisX|i;Peptostreptococcaceae; bacterium;Other
Firmicutes;Clostridia;Clostridiales;Clostridiales_IncertaeSedisX|l;Mogibacterium:timidum; Other

.

Legend to accompany figure 10 bar plot. Each OTU was assigned taxonomy based on
BLAST (NCBI) and Greengenes gene sequence alignment. Alignments with less that
97% identity were classified no higher than the genus level.
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Frmicutes;Clostridla:Clostridiales;Lachnospiraceae;8lautia; stercons; Other
Firmicutes;Clostridia;Clostridlales,Lachnospiraceae;Blautia; unclass ified;Other
Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Butyrivibrio; fibris olvens; Other
Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Clostridlales;bacterium; Other
Firmicutes;Clostridia;Clastridiales;Lachnospiraceae;Clastridium;aminovalericum; Qther

! Firmicutes;Clostridia;Clostridisies;Lachnospiraceae;Clastridium citroniae;Other
FArmicutes;Clostridla;Clostridlales;Lachnospiraceae;Clastridlum fimetarium; Other
Frmicutes;Clostridia;Clostridiales;Lachnospiraceae;Clastridium glycyrrhizinilyticum; Other
Frmicutes;Clostridia;Clostridiales;Lachnospiraceae;Clostridium hathewayi;Other
Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Clostridium;lavalense;Other
Firmicutes;Clostridia;Clostridisles;Lachnospiraceae;Clostridium;unclassified;Other
Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Clastridium;xylanovorans Other
Frmicutes;Clostridia:Clastridiales;Lachnospiraceae Eubacterium;eligens;Other
Frmicutes;Clostridia;Clostridiales;Lachnospiraceae;Eubacterium;plexicaudatum;Other
Firmicutes;Clostrid la:Clostridiales;Lachnospiraceae;Lachnospiraceae; bacterium: Other
Armicutes;Clostridia;Clostridiales;Lachnospiraceae;Marvinbryantia; formatexigens; Other
Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Robinsaniella;peoriensis; Other
Firmicutes;Clostridla;Clostridiales,Lachnospiraceae;Roseburla; cecicola; Other
Firmicutes;Clostridia;Clastridiales;Lachnospiraceae;Roseburia; unclassified ; Other
Firmicutes;Clostridla;Clostridlales;Lachnospiraceae;Ruminococcus;gnavus; Other
FArmicutes;Clostridla:Clostridlales;Lachnospiraceae;Shuttleworthia; satelles; Other
Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;unclassified;bacterium; Qther
Firmicutes;Clostridla:Clostridlales;Lachnospiraceae unclassified:bovis:Other
Firmicutes;Clostridia;Clastridiales;Lachnospiraceae;unclassified;hathewayi;Other
Frmicutes;Clostridia;Clostridiales;Lachnospiraceae;unclassified;unciassifed;Other
Frmicutes;Clostridia;Clostridiales;Peptococcaceael ;Peptococcus;niger;Other
Firmicutes;Clostridia:Clostridiales;Peptostreptococcaceae;unclassified; unclassified; Other
Frmicutes;Clostridia;Clostridiales;Ruminoceccaceae;Anaerotruncus;colihominis; Other
Firmicutes;Clostridia;Clostridiales;Ruminoceccaceae;Anaerotruncus;unclassified; Other
Firmicutes;Clostridia;Clostridiales;Ruminoceccaceae;Clostridiaceae;bacterium;Other
Frmicutes;Clostridia;Clostridiales;Ruminococcaceae;Clostridiales; bacterium; Other
Armicutes:Clostridia:Clostridiales;:Ruminococcaceae:Clostridium:clarifiavum: Other

Firmicutes; Clostridia Clostridiales;Ruminococcace ae; Clostridium;leptum;Other

Firmicutes; Clostridia Clostridiales;Ruminococcaceae; Clostridium unclassified;Other

Firmicutes; Clostridia Clostridiales;Ruminococcace ae; Cubacterium;siraeum;Other

Firmicutes; Clostridia Clostridiales;Ruminococcace se; Oscillospira;guilliermondii;Other

Firmicutes; Clostridia,Clostridiales:Ruminococcaceae; Osclllospiraceae; bacterlum; Other

Firmicutes; Clostridia Clostridiales;Ruminococcace se; Ruminacoccus;flavefaciens; Other

Firmicutes; Clostridia Clostridlales:Ruminococcaceae; Ruminococcus:undassified Other

Firmicutes; Clastridia Clostridiales:Ruminococcacese; Subdoligranulum; variabile; Other

Firmicutes; Clostridia Clostridiales;Ruminococ cace se; unclas sified; bacterium; Other

Firmicutes; Clostridia;Clostridlales;Ruminococcaceae; unclassified;unclass fied; Other

Firmicutes; Clastridia Clostridiales;Syntrophomonadaceae; Syntrophothermus; lipocalidus; Other
Firmicutes; Clostridia;Clostridiales:undassified;Bacterokles;coagulans: Other

Firmicutes; Clostridia Clostridiales;undassified;unclassified;unclassified; Other

Firmicutes: Erysipelotrichia; Erysipelotrichales:Erysipelotrichaceae; Turichacter;sanguinis:;:Other
Firmicutes; Negativicutes; Selenomonadales;Vedlonellaceae Propionispira;arorisOther

Firmicutes; Negativicutes; Selenomonadales; Vellonellaceae;Selenomonas; ruminantium;Other
Firmicutes; unclassified;unclassified;unclassified; Acholeplasmatales; bacterium; Other

Firmicutes; unclass ified;unclassified; unclassified;unclassified;bacterium;Other

Firmicutes; unclass fied:unclassified; unclassified ;unclassified; lavak ;Other

Firmicutes; unclass ified;unclassified; unclassified; unclassified;unclassified,Other
Proteobacteria;Alphaprotecbacteria;Rhizoblales:Hyphomicroblaceae; Subdoligranulum;unclassified; Other
Protecbacteria;Betaproteobacteria;Burkholderiales; Sutterellaceae Parasutterella; excrementihominis; Other
Protecbacteria;Betaproteobacteria;Burkholderiales; Suttereliaceae;Parasutterella; secunda; Other
Proteobacteria;Betaproteobacteria;Hydrogenophilales:Hydrogenophilaceae; unclass fied;unclassified; Other
Protecbacteria;Deltaproteobacteria; Desulfovibrionales; Desulfovibrionace se;Biophila; wadsworthia; Other
Proteobacteria;Deltaproteobacteria; Desulfovibrionales; Desulfovibrionaceae:Desulfovibrio cuneatus:Other
Pmmobamﬂaﬁunmnprmqoha:tena Enterobacteriales;Enterobacteriaceae;unclassified; unclassified; Other
Protecbacteria;G bacteria;Pseudor dales;Pseud adacese; Pseudomanas;unclassified;Other
Tenerrutes: Malllcutes: Armlonlmmamlx Ar hnlenlasmataceae Flawese pace dnreps Other

&
'
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Legend (continued) to accompany figure 10 bar plot. Each OTU was assigned taxonomy
based on BLAST (NCBI) and Greengenes gene sequence alignment. Alignments with

less that 97% identity were classified no higher than the genus level.
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Figure 13. Heat map displaying the 50 most abundant OTUs detected in cecum digesta

samples using 16S rRNA next-generation sequencing

Each vertical bar represents the cecum digesta microbiota of one individual animal
(n=57).
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Figure 14. Weighted B-diversity UniFrac analysis-generated PCoA plots

The plots display dissimilarities in microbial community compositions of each sample.
Samples with highly dissimilar microbial compositions are spaced far apart from each
other. A: PCoA plot of communities from animals receiving sham surgery with skim
milk treatment compared to animals receiving CAL surgery with skim milk treatment. B:
The comparison of communities from animals on GR-1 treatment versus control

treatment (skim milk or water).
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3.6 Probiotics co-cultured with neonatal rat ventricular
cardiomyocytes (NVCM) attenuate phenylephrine-
induced hypertrophy

It was hypothesized that probiotics will provide a direct beneficial effect to
cardiomyocytes under conditions that simulate HF. To test this, probiotic treatments were
applied to NVCM culture following the administration of PE — a hypertrophic agent. To
assess the outcome of the probiotic NVCM co-culture, the cell surface area of the cell and
gene expression of hypertrophic markers was measured after 24 hours of treatment.
Except for the average cell surface area data across all biological replicates, expressed in
um?, the treatment-induced changes are reported as the fold change compared to the
control. NVCM isolated from different litters may inherently grow at slightly different
rates and sizes and therefore the fold change in surface area and gene expression was
calculated to account for those differences. Fold change calculations are the ratio of
treated to untreated measurements and the values represent one biological replicate.

3.6.1 PE administration induces hypertrophy in NVCM

In order to determine the hypertrophic response to PE administration, and to rule out that
MRS broth affects the growth of cultured NVCM, 50 pL of sterile MRS broth was added
NVCM culture with or without PE. Twenty four hour PE exposure induced an average
1.41-fold increase in NVCM surface area, compared to untreated control cells. PE with
MRS broth induced a 1.35 fold increase in cell surface area. The difference in cell surface
area compared to both of these treatments was statistically significant (P < 0.05), but
difference between the two PE treatments without MRS broth was not significant (P =
0.52). Without PE, The average fold change in surface area of cells cultured with MRS
broth compared untreated cells after 24 hours was 1.02. A student’s t-test, was performed
to determine the difference between MRS broth-treated and untreated cells. The

difference was not significant (P = 0.75).

The gene expression of the hypertrophic markers ANP and aSKA was evaluated to

confirm a hypertrophic response in NVCM exposed to PE. The administration of PE
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induced a 1.91-fold and 1.51-fold increase in gene expression of ANP and aSKA,
respectively. The administration of PE with 50 pL of sterile MRS broth induced a 2.01-
fold increase in gene expression of ANP, and a 2.10-fold of aSKA. The difference in
ANP expression with both PE and PE + MRS broth compared to untreated cells was
statistically significant (P < 0.05), but the difference between the two PE treatments was
not statistically significant. There was no statistically significant difference in expression
of aSKA between PE and untreated cells (P = 0.0921), likely because of the high
standard deviation in the PE group. There was, however, a significant difference in aSKA
expression between MRS broth and PE + MRS broth (P < 0.01).

The administration of MRS broth without PE produced a 0.96 and 0.79-fold change in
gene expression of ANP and aSKA, respectively, over 24 hours, compared to untreated
cells. A student’s t-test was performed to determine the difference in gene expression
between untreated and MRS broth-treated NVCM. The expression of ANP and aSKA
were both found to be not significantly different (P =0.1160 and P = 0.1909,

respectively).

These results confirm that PE administration induced hypertrophy over 24 hours in
NVCM. The presence of sterile MRS broth has no effect on the growth of NVCM.
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Figure 15. PE induces hypertrophy in NVCM

A: The NVCM surface area following 24 hour MRS broth culture with or without the
administration of PE (n=5). B: The fold change in NVCM surface area compared to
untreated (control) cells, following 24 hour MRS broth culture with or without the
administration of PE (n=5). C, D: The fold change in gene expression of ANP and aSKA,
respectively in NVCM (n=3). *P < 0.05 and **P < 0.01 compared to control and MRS

broth. Error bars indicate the standard deviation.
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3.6.2 L. rhamnosus GR-1, L. plantarum 299v, and S. salivarius
K12 co-cultured with NVCM did not affect viability of NVCM
NVCM co-cultured with L. rhamnosus GR-1, L. plantarum 299v, and S. salivarius K12
had normal cell morphology after 24 hours, as indicated by the representative
micrographs in figure 16. In addition, the cells were spontaneously beating, an indication
(however not a prerequisite) of NVCM viability. The probiotics were also successfully
isolated from the culture media 24 hours after co-culture with NVCM, indicating that
they were not susceptible to the penicillin/streptomycin antibiotic solution in the NVCM

culture medium.

The majority of NVCM co-cultured with L. reuteri RC-14 did not survive the 24 hour
treatment period, as evidenced by loss of cell attachment and abnormal morphology
(figure 16). A scarce number of NVCM cultured with L. reuteri RC-14 were beating after
the 24 hour treatment period. The L. reuteri RC-14 cells also did not survive the

treatment period, as they were unsuccessfully isolated from the culture medium.
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Figure 16. Representative micrographs illustrating NVCM exposed to PE alone or with

probiotics

The control NVCM were either untreated, or co-cultured with MRS broth. Original
magnification = 20x
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3.6.3 L. rhamnosus GR-1 administration inhibits PE-induced
hypertrophy in NVCM
When L. rhamnosus GR-1 was co-cultured with NVCM immediately following PE
administration, there was no increase in NVCM surface area compared to untreated cells.
The inhibition of hypertrophy was confirmed by the gene expression of ANP and aSKA
relative to untreated cells. The expression of both hypertrophic markers was significantly
reduced when NVCM cells exposed to PE were co-cultured with L. rhamnosus GR-1 (P
< 0.05).

To confirm the presumption the live probiotic cells are required to confer an anti-
hypertrophic effect, L. rhamnosus GR-1 cells were HK by incubation at 80°C for 30
minutes. HK GR-1 cells and live GR-1 cells had the same average cell surface area,
however, when the data was normalized by calculating the fold change in cell surface
area, there was a loss of anti-hypertrophic activity in HK GR-1 cells. The difference in
gene expression of ANP in PE-treated NVCM without HK GR-1 cells and PE-treated
NVCM with HK GR-1 cells was not statistically significant. For both ANP and aSKA,
there was a slight increase in gene expression with HK GR-1 cells, compared to live L.
rhamnosus GR-1. The increase, however, was not statistically significant. (P =0.35 and

0.36 for ANP and aSKA respectively). These data are summarized in figure 17.
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Figure 17. L. rhamnosus GR-1 inhibits PE-induced hypertrophy in NVCM

A: The NVCM surface area following 24 hour co-culture with GR-1 (n=5). B: The fold
change in NVCM surface area compared to untreated (control) cells, following 24 hour
co-culture with GR-1 (n=5). C, D: The fold change in gene expression of ANP and aSKA
in NVCM (n=3). Unless otherwise stated, all volumes of GR-1 treatments were 50 pL (1
x 10° CFU/mL stock culture). *P < 0.05 and **P < 0.01 compared to all other treatments.
#P < 0.05 compared to PE + MRS broth. Error bars indicate the standard deviation.



3.6.4  Inhibition of the PE-induced hypertrophy in NVCM is not
probiotic strain specific

The attenuation of PE-induced hypertrophy by probiotics was not limited to the L.

rhamnosus GR-1 strain. Based on the cell surface area and gene expression of ANP and

aSKA after 24-hour co-culture, L. plantarum 299v and S. salivarius K12 inhibited the

PE-induced hypertrophy in NVCM. There was a significant decrease in ANP and aSKA

gene expression in NVCM co-cultured with L. plantarum 299v compared to the control

(P < 0.05). These data are summarized in figure 18.
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Figure 18. L. plantarum 299v and S salivarius K12 inhibits PE-induced hypertrophy in
NVCM

A: The NVCM surface area following 24 hour co-culture with 299v and K12 (n=5). B:
The fold change in NVCM surface area compared to untreated cells, following 24 hour
co-culture with 299v and K12 (n=5). C, D: The fold change in gene expression of ANP
and aSKA compared to untreated NVCM after 24 hour co-culture with 299v and K12
(n=3). All volumes of 299v and K12 treatments were 50 pL (1 x 10° CFU/mL stock
culture). *P < 0.05 and **P < 0.01 compared to all other treatments. *P < 0.05 compared

to MRS broth. Error bars indicate the standard deviation.



3.6.5 Mspl is not required for inhibiting PE-induced increase in
NVCM surface area
Mspl produced by Lactobacillus rhamnosus was of interest because it has shown to
protect against ischemic injury and stress induced apoptosis in the heart and small
intestine. We obtained a mutant msp1 knock out L. rhamnosus GR-1 strain to test
whether or not this protein is beneficial to NVCM. When CMPG10200 was co-cultured
with NVCM immediately following PE administration, there was a similar inhibition of
PE-induced increase in NVCM surface area as seen with the WT L. rhamnosus GR-1
strain (figure 19). This suggests that the protein Msp1 is not required for preventing cell
surface area increase in NVCM exposed to PE, and therefore, gene expression analysis

using this strain was not pursued.
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Figure 19. L. rhamnosus GR-1 Msp1 knock out strain CMPG10200 inhibits PE-induced
hypertrophy in NVCM

Top: The NVCM surface area following 24 hour co-culture with CMPG10200 (n=5).
Bottom: The fold change in NVCM surface area compared to untreated cells, following
24 hour co-culture CMPG10200 (n=5). All volumes of CMPG10200 treatments were 50
uL (1 x 10° CFU/mL stock culture). **P < 0.01 compared to all other treatments. Error

bars indicate the standard deviation.
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3.6.6  PE-induced hypertrophy in NVCM is attenuated by PCM
treatment alone
When NVCM were treated with GR-1 PCM void of any live bacteria, the PE-induced
increase in cell surface area and gene expression of ANP and aSKA was significantly
attenuated, similar to treatments with live probiotic cells (P < 0.05). | hypothesized that
PCM contains a soluble protein that could directly prevent PE-induced increase in cell
surface area. Various assays were performed to test this hypothesis, and the results are
summarized in figure 20. First, Attempts were made to elucidate the size of the potential
anti-hypertrophic factor by centrifugally filtering the PCM. While the overall surface area
of cells indicates that both the filtrate and retentate retained an anti-hypertrophic effect,

the fold-change in cell surface area indicates that this effect was lost.

Second, the proteins were destabilized by heat denaturing the PCM by a 30 minute
incubation at 80°C and by trypsin treatment. Heat denaturation resulted in a loss of anti-
hypertrophic activity of the PCM, as indicated by the fold change in NVCM surface area
and ANP gene expression. In NVCM co-cultured trypsin-treated PCM, the attenuation of
PE-induced increase in ANP gene expression was lost. There was an increase in PE-
induced aSKA gene expression with HD and trypsin-treated PCM compared to regular
PCM, however the difference was not significant. Heat denatured PCM significantly

attenuated the PE-induced increase in aSKA expression (P < 0.05).
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Figure 20. PCM inhibits the PE-induced hypertrophy in NVCM

A. NVCM surface area following 24 hour co-culture with various PCM treatments (n=5).
B: The fold change in NVCM surface area compared to untreated cells, following 24
hour co-culture with various PCM treatments (n=5). C, D: The fold change in gene
expression of ANP and aSKA compared to untreated NVCM after 24 hour co-culture
with various PCM treatments (n=3). Unless otherwise stated, all PCM volumes were 50
pL. *P < 0.05 and **P < 0.01 compared to all other treatments P < 0.05 compared to PE
+ MRS broth. *P < 0.05 compared to PE + Tryp GR-1 PCM. Error bars indicate the

standard deviation.
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4 Discussion

This thesis describes novel applications of probiotic lactobacilli to cardiovascular health.
Using an animal model and in vitro experimentation, Lactobacillus rhamnosus GR-1, a
probiotic known to transit the intestinal tract and confer benefits there and in the
urogenital tract, was found to induce improved modeling of heart tissue following
ligation injury simulate a heart attack. These results are the first to report that probiotic
administration can attenuate cardiac hypertrophy and HF in a rat model, and can protect
against hypertrophy in cardiomyocyte culture. This work adds to those studies already
described in the existing literature showing that probiotic administration can confer
cardiovascular health benefits via: (i) reduction of hypertension through production of
ACE-inhibitory peptides in the gut'’>*7" (ii) reduction of serum cholesterol by strains
expressing BSH 4197 or by active reduction and excretion of cholesterol 69170 and (iii)

their protection against cardiac ischemia/reperfusion injury’®:180,

With the incidence of CVD worldwide reaching alarming rates, there is a need for novel
prevention and treatment strategies. The five-year 50% mortality rate for HF patients
indicates that early detection and treatment is critical to improving outcomes. Previous to
the research for this thesis, the use of probiotics as a treatment for HF has never been
investigated. The present research suggests a unique application for probiotics and sheds
light on a potential novel mechanism of action of probiotics.

4.1 The salutary effects of probiotic administration in
the CAL-induced rat model of heart failure

In a preliminary 4 week-long pilot study, the benefit of two probiotic strains on the
outcome of heart failure in rats was evaluated using the CAL model for MlI-induced HF
in rats. The CAL model differs from the I/R surgery used previously to examine L.
plantarum 299v, in that there is no release of the infarction-inducing ligature throughout
the duration of the study. Considering that both L. plantarum 299v and L. rhamnosus
GR-1 demonstrated identical benefit to rats in terms of echocardiography imaging, the
salutary effect of this probiotic therapy is likely not strain or species specific. This is an

interesting point, considering the extremely different ecological environments from
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which each of these strains was isolated. L. plantarum 299v is a strain isolated from the
human gastrointestinal tract and is marketed as a treatment to relieve symptoms of
irritable bowel syndrome!?®. L. rhamnosus GR-1 is a distal urethral strain that has the
ability to reduce urogenital pathogens and is used to treat bacterial vaginosis'341831% gnd
prevent UTI134199-201 55 \well as enhance immunity in HIV patients?°22%, The ability of
these two strains to improve outcomes of HF speaks to the universality of some of the
health benefits conferred by probiotics and their ability to affect organs throughout the

entire body?%4+2%,

To follow-up on the pilot study, a 6 week-long study was performed including sham-
operated and placebo control groups using L. rhamnosus GR-1 alone. To determine the
effect of treatment cessation, one group of animals received L. rhamnosus GR-1 for the
initial 4 weeks post-CAL surgery and then were placed on a placebo treatment for the
remaining 2 weeks. ldentical beneficial effects of L. rhamnosus GR-1 were evident in
this group as for the group on L. rhamnosus GR-1 treatment for the entire 6 week period.
This suggests that the probiotic induced an effect early after surgery. Since this study did
not include L. rhamnosus GR-1 treatment for only the final few weeks of the trial, it is
difficult to estimate an exact timeframe. Although MI-induced damage to the
myocardium cannot be entirely prevented, the subsequent compensatory response of
cardiac remodeling and maladaptive hypertrophy begins as early as 2-3 days after
injury®. Preventing the progression of this response is key for preventing the progression
of HF':3, Probiotic L. plantarum (WCFS1 as distinct from 299v) can induce differential
expression of gene reporters within an hour after ingestion?%, thus it is reasonable to

imagine an effect within days for GR-1.

The ability to improve cardiac remodeling and ventricular dysfunction in patients with
HF, likewise, is a treatment of great interest. Using the same model for CAL-induced HF
in the rat as this study, it has been demonstrated that ginseng, administered in drinking
water to rats 4 weeks post-surgery, can reverse established CAL-induced hypertrophy?®’.
Unlike the probiotic mechanism examined herein, ginseng has been reported to act by
upregulating the expression of MMP-2 and MMP-92%, This is particularly interesting as

it indicates more than one way to improve heart function. Although, to verify that these
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effects are not somehow rat specific, it would be important to test the concept in another

animal and in humans.

4.1.1 The effect of probiotic therapy on cardiac function,
hemodynamics and cardiac hypertrophy in the CAL model
for heart failure

Echocardiography and cardiac catheterization, widely used in the clinic to track HF, were

used to monitor the effect of CAL surgery. With the added benefit of ex vivo analysis of

blood and heart tissue following euthanasia of the animals at the end point of the studies,
this provided novel insight into the effect of probiotic therapy on the outcome of HF and
the potential clinical applications.

Echocardiography is an essential diagnostic tool for diagnosing and tracking HF. This
non-invasive method is used to image physical abnormalities of the heart as well as
overall cardiac mechanical function. Indices such as FS, EF, and E/A ratio, all of which
were analyzed here, are especially important in detecting LV dysfunction. EF values
indicate the amount of blood that is pumped out of the ventricle with each contraction.
Healthy values range between 55 and 60%, whereas HF patients can have EF under
40%%%°. A low EF can result in inadequate blood circulation for the physiological needs
of the body. Half of HF patients have reduced EF, while the others are patients with
preserved EF, also known as diastolic LV dysfunction?*°. The latter experience normal
systolic contraction, but abnormal ventricular filling during diastolic contraction
(ventricular relaxation).While the outcome of HF with preserved EF is similar to that in
patients with reduced EF, patients with the former risk misdiagnosis and lack of proper
treatment due to the inability to detect diastolic LV dysfunction?®. Accordingly, other

parameters, such as FS and the E/A ratio are important for tracking HF.

Both FS and E/A ratio are a measure of LV function. FS is a ratio of diastolic dimension
of the ventricle compared to systolic. Decreased FS suggests either diastolic dysfunction
(the LV does not properly relax), or systolic dysfunction (the LV does not contract
enough). The E/A ratio is obtained by tracking the velocity of blood flow across the

mitral valve into the LV. The early (E) wave represents passive filling during ventricular
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diastole, while the atrial or after (A) wave represents active filling with atrial systole. In
healthy patients, the E wave is slightly greater than the A wave, however in HF, the A
wave is greater than the E wave, indicating diastolic dysfunction®!!. The E/A ratio,
therefore, is useful for detecting diastolic dysfunction where EF may still be preserved.

Serial echocardiography performed throughout these studies indicated that L. rhamnosus
GR-1 and L. plantarum 299v administration not only attenuated the deterioration in
cardiac mechanical function caused by CAL surgery, but essentially normalized the
parameters that were assessed. Remarkably, animals on probiotics experienced no
significant changes in EF, FS, or E/A ratio compared to sham operated animals over the
duration of the studies. As demonstrated in the echocardiography data, the consequences
of CAL-induced myocardial infarction in terms of these parameter manifested within two
weeks post-surgery. This supports the notion that the salutary effects of probiotic
administration on these animals occur early after CAL surgery and are maintained even

as therapy is withdrawn.

Abnormalities in the hemodynamic properties of the heart are a strong risk factor and
diagnostic marker for HF. Following myocardial infarction, the damage sustained to the
myocardium sets off compensatory changes that result in an increase in blood volume
and pressure within the LV. At the same time, infarction also compromises the
contractility of the LV, which results in a decreased output and increased overload of
blood in the LV with each rhythmic cycle. These pathologies perpetuate the
hemodynamic abnormalities of the LV, and become a major complication in HF patients.
To monitor hemodynamic properties, catheterization is often required. Results from this
minimally invasive technique are usually compared to echocardiograms and are used as a
diagnostic tool for vascular and hemodynamic abnormalities. LVEDP is a reflection of
intravascular volume and pressure that affects ventricular performance, and is an
important parameter for tracking HF?'2. Elevated LVEDP is common following MI and
may result in clinical manifestation of HF, however, due to several other confounding

factors, it is a poor independent predictor of HF?'2,
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The catheter-based hemodynamic assessment on animals after 6 weeks of sustained CAL
indicate that the surgery induced several hemodynamic abnormalities in the LV. Similar
to EF, the cardiac output and stroke volume was significantly reduced in animals with
CAL, indicating an insufficient volume of blood cycling out of the heart. The LVEDP
was also increased, confirming a manifestation of HF induced by CAL surgery. All of
these pathologies were significantly attenuated with L. rhamnosus GR-1 administration,
but not normalized. This is likely because the infarction of the LV causes irreversible
damage to the heart that results in an unpreventable increase in LVEDP, regardless of any

treatment administered post-infarction.

Rather than evaluate the direct damage sustained to the LV by CAL surgery, this CAL
model was designed to assess the compensatory response that initiates and progresses
with HF. Because there was no release of the ligation or reperfusion of the coronary
artery, the CAL surgery induced cardiac hypertrophy that is a hallmark feature of HF and
occurs secondary to myocardial infarction. This hypertrophic response is one of the key
therapeutic targets for HF patients, as the initially adaptive hypertrophy eventually
becomes maladaptive, and often coincides with impaired EF, cardiac output, and
increased LVEDP. The compromised cardiac mechanical function in HF may be
considered a direct consequence and symptom of the maladaptive compensatory response
that occurs after MI. The evidence of improved cardiac mechanical function and LVEDP
in CAL animals receiving L. rhamnosus GR-1 treatment suggests that the underlying
mechanism lies in an attenuation of the maladaptive compensatory response to M.
Indeed, upon assessing cardiac hypertrophy, L. rhamnosus GR-1 significantly attenuated
the CAL-induced increase in LVW and ANP gene expression. In the four week study, a
reduction in cardiac hypertrophy by L. plantarum 299v was also determined by
LVW/BW assessment. This impressive outcome suggests a novel application for
probiotics. Related studies have explored the use of probiotics as a protective treatment
prior to a major cardiac event such as MI, while these results indicate that probiotics are

also effective in improving the recovery following such an event.

Clinically, these findings have major implications. The immediate intervention strategies

for reducing the severity of ischemia during M1 have improved mortality in recent years,
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yet the risk of developing HF still remains high'’. The recovery process that precedes and
persists throughout the stages of HF is a critical therapeutic target post-MI. The
parameters analyzed in these studies are among some of the key factors for diagnosing
HF, as well as therapeutic targets. The current treatment strategies rely on -blockers and
ACE-inhibitors to reduce contractility, slow the heart rate, and reduce blood pressure?°,
While these drugs can improve the symptoms of HF, there still remains a therapy to be
developed that will effectively prevent HF. Newly diagnosed HF patients unfortunately
face the reality of long-term medication in order to manage the disease. HF is most
common in adults over 65 years old?*3 and often these patients are already taking
medication for other chronic conditions. The impact of chronic medication plays a
significant role in patients’ lives. First, the cost of HF medication in addition to other
medications, is substantial. A study assessing the cost of HF medication to outpatients in
the US found that medication for HF alone cost $340 per month?!3, For patients with HF
and other non-cardiovascular comorbidities such as chronic obstructive pulmonary
disease and diabetes, medication costs $600 per month?'3, The cost of medication for
patients with severe heart failure was significantly higher than those with mild heart
failure, indicating that as the disease progresses, more medication is required?*3. For
patients without access to health insurance and lacking personal financial resources, these
costs stand as a strong deterrent for medication compliance. Prescribed dosing may be
altered or stopped altogether to decrease cost. Lack of sufficient medication can
exacerbate the progression of HF and eventually result in hospitalization and further
economic burden. Based on the suggested retail price of a product containing one of the
probiotic strains tested here and assuming the dosing would remain the same then the cost
would be less than $40 per month. While it is unlikely that probiotics will entirely replace
current treatment regimens for heart failure, combination therapy could improve the

financing.

Probiotics also provide additional benefits that cannot be offered by standard HF
medications. In addition to high cost, the chronic use of HF medications such as -
blockers and ACE-inhibitors, or any pharmacological agent, brings risk of adverse side
effects. The most common side effects of both B-blockers and ACE-inhibitors are cough,

dizziness, hypotension, and bradycardia?**2'®, Impaired renal function is a risk with
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ACE-inhibitor medication that increases proportionally to dose. This side effects are
often managed by additional medication which altogether complicates the issue of costs
and risks associated with chronic medication. Again, non-compliance may become a
serious issue for patients unable to cope with the requirements of chronic medication. The
use of a probiotic, with very low occurrence of adverse effects and several systemic
nutritional and health benefits, in addition to or as a replacement for pharmaceutical
drugs, is worthy of consideration for preventing progression of HF while minimizing
adverse effects of chronic medication. The ability of L. rhamnosus GR-1 and L.
plantarum 299v to prevent the CAL-induced HF is an exciting finding. Neither strain has
been evaluated for ACE-inhibitory activity, however other L. rhamnosus and L.
plantarum strains have both been reported to produce ACE-inhibitory peptides and have
potential in antihypertensive therapy!’’216,

4.1.2 The effect of probiotic administration on adipokine signaling

The role of adipokine signaling in cardiovascular health is of great interest as a potential
therapeutic target, as clinical and animal studies suggest that leptin production and
circulation is upregulated in CVD#"°257:59.1% | entin, a 16 KDA peptide, is widely known
for the important role it plays in energy metabolism and food intake. Receptors in the
hypothalamus interact with leptin to cause an overall feeling of satiety, resulting in food
intake inhibition and an increase energy expenditure®. Mutations in the leptin gene, ob,
cause obesity in mice, where knock out animals are three times as heavy and have a five-
fold increase in body fat content compared to wildtype®!’. Similar to insulin,
complications in leptin signaling have become a major issue with obesity. Insulin
resistance caused by obesity drives excessive leptin production, which can also lead to
leptin resistance®. The role of the gut microbiome in adipokine signaling has generated
interest, due to the advances in next-generation sequencing that enable the evaluation of
community-level differences in microbiota composition with a given state of disease?®.
16S rRNA sequencing of the gut microbiota of leptin-deficient mice has revealed a major
reduction of the Bacteriodetes phyla and increase in Firmicutes?'®, similar to the gut
microbial profile of obese individuals®”#. The role the constituent bacteria in each phyla
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plays in the pathogenesis of obesity is not well understood, and attempts to identify

particular species directly involved in obesity are ongoing.

One theory relates to the emerging concept of the microbiome-gut-brain axis. There is
indirect and direct evidence that bidirectional signaling mediated by the gut microbiota
occurs between the gut and the brain. Altered composition of the gut microbiota has been
clinically reported in patients with autism and short-term improvement of symptoms are
reported with antibiotic treatment®, Psychiatric symptoms of stress and anxiety trigger
flare-ups in irritable bowel syndrome and inflammatory bowel disease patients?2%-22L,
Animal studies on the gut-brain axis have provided direct evidence for a role of the gut
microbiota. Germ-free animals have lower corticosterone levels in response to stress and
display less stress and anxiety-like behavior than animals colonized with specific
pathogens. The colonization of commensal bacteria in the germ-free animals resulted in a
normalization of these behaviours???. The possibility exists that similar gut-derived
influences on the brain may involve adipocytes and leptin signaling in the hypothalamus.
A way to investigate this would involve monitoring the leptin levels and food
consumption of germ-free, specific pathogen, and/or probiotic-colonized mice with and
without mutations of the leptin gene, ob. Depending on the composition or manipulation
of the gut microbiota composition, there may or may not be a difference in leptin-related

food consumption and energy metabolism.

In addition to metabolism, leptin is involved in cardiovascular health. It is considered a
deleterious hormone in HF?23, High levels of circulating leptin are common in HF
patients, and leptin activity exacerbates inflammation and hypertrophy®>°75°1% \While
the cardiac pathologies associated with leptin are often tied to obesity, the deleterious
effect of leptin in HF can also occur independent of obesity??*. This is likely because
leptin is not exclusively produced by adipose tissue, but also by the heart>®. The study
performed by Lam et al.'® revealed that pre-administration of L. plantarum 299v prior to
I/R in the heart significantly reduced circulating leptin levels and ischemic injury to the
heart. The cardioprotection conferred by L. plantarum 299v against ischemic injury was

abolished when leptin was administered to the rats prior to the surgery. This indicates a
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pivotal role of leptin in the mechanism of action of L. plantarum 299v against ischemic

injury.

In the present CAL model for HF, it is apparent that L. rhamnosus GR-1 also conferred
an anti-leptin effect. As expected, blood analysis indicated a significant increase in
absolute plasma leptin concentration after 6 weeks of sustained CAL. This was entirely
blocked with L. rhamnosus GR-1 administration, resulting in positive outcomes in
cardiac function. Theoretically, a significant decrease in leptin should cause a reduction
in satiety and increase in food consumption. Probiotics have reduced circulating leptin
levels in other models of disease, but it is rarely without any associated change in body
weight or adiposity??5-??7, There was no observed weight gain or change in eating habits

in animals with reduced plasma leptin in this study.

We surprisingly saw a trend that L. rhamnosus GR-1 administration to sham-operated
animals caused an increase in absolute plasma leptin, to the same level as CAL-operated
animals without L. rhamnosus GR-1. As there was no indication of under-eating in these
animals, nor any significant weight loss, presumably this increase in leptin did not result
in any adverse metabolic outcomes. This result makes it difficult to speculate on the role
of leptin in this model, however clinical studies indicate that the concentration of leptin
relative to adiponectin is a more important marker for CVD than the absolute plasma
leptin concentration 22228, The substantial increase in plasma leptin to adiponectin ratio
in CAL-operated animals was significantly attenuated by L. rhamnosus GR-1
administration. The was still an increase in the leptin to adiponectin ratio in sham-
operated animals administered L. rhamnosus GR-1 compared to the control, however this
difference was not statistically significant. It is possible that there is a healthy range of
activity of these two adipokines that is influenced or managed by L. rhamnosus GR-1.
Physiologically, the relationship between leptin and adiponectin is somewhat mutually
exclusive; when one is upregulated, the other is downregulated, and the two generally
have opposing systemic effects. However, considering the complexity of the diseases
these adipokines are associated with, including HF, it is difficult to ascertain the cause
and effect relationship between L. rhamnosus GR-1 and leptin activity. This study

indicates that the attenuation of HF by probiotic administration was in part mediated by
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reduction of leptin activity, however it cannot be determined from this data whether
leptin levels were reduced because of the improved parameters of cardiac function and
remodeling, or whether it was the reduction of circulating leptin by probiotics that helped
improve the cardiac abnormalities. Future studies could include exogenous administration

of leptin along with probiotics, or the use of leptin deficient animals.

4.2 Exploring the mechanisms responsible for the
attenuation of HF by L. rhamnosus GR-1

The CAL animal studies were designed to investigate whether probiotics attenuated HF,
and if so, whether it was via modulation of the existing gut microbiota and/or
inflammatory signaling. In addition, mechanistic in vitro studies were performed on

primary cardiomyocytes isolated from the neonatal rat heart.

4.2.1 The role of cytokines

The initial inflammatory response to Ml is a pre-requisite for the healing process of
phagocytosis and scar formation to take place, however, chronic inflammation can be
detrimental as it causes additional cell death and promotes cardiac remodeling®*. HF is
often associated with chronic inflammation in which pro-inflammatory cytokine
parameters are elevated in patients??2, 1L-6, TNF-q, fractalkine are among the several of
the pro-inflammatory cytokines that positively correlate to severity of MI, impaired

survival post-MlI, as well as poor short-term and long-term clinical outcomes??°.

Reducing inflammation in HF patients is important for managing disease progression.
Animal experiments have suggested that anti-inflammatory therapies might be beneficial
in HF, however translating these findings to a clinical setting has been widely
unsuccessful, as there is likely no one common inflammatory pathway involved?®. While
the use of probiotics as an anti-inflammatory therapy for HF has not been explored, there
are many studies showing that certain probiotic strains, including L. rhamnosus GR-1,
confer anti-inflammatory effects?12%3, In the gut epithelium, probiotics interact with toll-
like receptors and transcription factors that regulate widespread inflammatory responses,
resulting in benefits for gastrointestinal diseases such as inflammatory bowel disease and

necrotizing enterocolitis'*”1* and also for distal inflammatory diseases such as
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rheumatoid arthritis'*°. Genetically engineering probiotics for the production of anti-
inflammatory factors, such as IL-10, is a strategy for colonic inflammation that is

currently under clinical investigation?.

It was hypothesized that probiotics could improve outcomes of HF in the CAL study by
reducing systemic inflammation. At the completion of the 6 week-long study, the blood
levels of nine pro-inflammatory cytokines (fractalkine, GRO/KC, IFN-y, IL-1a, IL-6,
MCP-1a, MIP-1a, RANTES, and TNF-a) were analyzed. No change in blood cytokine
levels was found with respect to the CAL surgery, nor was there any influence of L.
rhamnosus GR-1 treatment on serum cytokine levels. This was a surprising result,
considering that all other indices of HF measured were positively correlated the CAL
surgery. However, the findings corroborate with those published by Lam et al.*¥ who
reported that L. plantarum 299v administration did not affect the blood levels of 22
cytokines measured in their I/R model. A limitation in that study was that these blood-
borne factors were analyzed only at the end-point. Blood sample collection from rats can
be troublesome and invasive, and it is possible that the associated stress will influence
other parameters under investigation. It is recommended to not to take blood samples
more than once every two weeks, and many popular methods, such as retro-orbital
bleeding, require anaesthetization?3. For these reasons, we decided to only collect blood
samples by terminal bleeding at sacrifice. Without collecting blood samples before
surgery, immediately post-surgery, or mid-trial, the serum cytokine analysis is limited to
only end-point data, and it cannot be concluded that neither CAL surgery nor probiotics

influence inflammation in this model.

4.2.2  The role of the gut microbiota

The gut microbiome is a rich ecosystem that plays a critical role in our health. Beginning
from the early postnatal days of colonization, the gut microbiome develops into a
synergistic organ in which a specific equilibrium is required for optimal health. The
microbes of the gut perform a multitude of functions, including nutrient breakdown,
vitamin and metabolite production for absorption across the intestine®, as well as

immune system activation and modulation®?.
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The core gut microbiota develops rapidly after birth and is generally considered stable
throughout adulthood, however perturbations such as those brought on by environmental
stress, disease, altered diet, can drastically alter the core gut microbial profile®2. Dysbiosis
has an impact on disease and has been associated with a wide range of conditions, from
C. difficile infections to autism®. Common therapies for restoring microbial equilibrium
involve the use of nonspecific antibiotics, however the inability of these drugs to
discriminate between ‘good’ and ‘bad’ bacteria emphasizes the need for alternative
therapies. Some animal studies have demonstrated that probiotic therapy can restore a

dysbiotic gut microbiota associated with obesity*®

, yet other studies, including human
clinical trials, have shown that probiotic administration results in neither probiotic

colonization nor any over dramatic changes in species composition of the gut,

In the 6 week-long CAL study, we performed 16S rRNA next-generation sequencing on
gut digesta samples for with 2 main objectives: (i) to determine whether or not the gut
microbial profile of healthy animals differs from those with HF, and (ii) to determine
whether or not the effects of probiotic administration on the outcome of HF is conferred
by an alteration of the gut microbial composition.

Among the 242 OTUs identified in the 16s rRNA next-generation sequencing analysis, L.
rhamnosus GR-1 was not detected in cecum digesta samples. In order to maximize
accuracy and avoid erroneous OTU assignment, the cut-off for detection and taxonomic
assignment for each sample was set at a minimum 0.5% species abundance. The fact that
L. rhamnosus GR-1 was not detected in this analysis indicates that it represents less than
0.5% of the total species present in the cecum. Considering the overall diversity and
richness of the gut microbiota (10'* organisms), the daily dose of 10° CFU of L.
rhamnosus GR-1 would account for only 0.001% of the total bacteria present, therefore
we were not surprised that GR-1 was not detected using the lon Torrent platform. It is
apparent that L. rhamnosus GR-1 cause a significant change in the composition of the
cecum microbiota, at the community level. It is possible that the phenotype observed with
probiotic administration occurs due to a direct interaction between the probiotics and the
heart. While bacterial translocation across the epithelial border may occur in patients with

compromised gut barrier permeability>®, it is not thought to have occurred in this model.
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Despite the cardiac injury sustained by CAL, the rats were otherwise in good health
without any symptoms of gastrointestinal dysfunction. Instead, it is more likely that the
probiotics produce one or more soluble factors, such as a small protein or metabolite that
crossed the gut epithelial barrier and entered the blood circulation. Upon reaching the
heart, or via factors that affect the heart, this factor(s) could potentially be responsible for

the attenuation of cardiac remodeling, hypertrophy, and HF in the rat.

4.2.3  The direct interaction of probiotics with cardiomyocytes in
vitro
To further investigate the mechanisms responsible for the attenuation of HF by L.
rhamnosus GR-1 and L. plantarum 299v, co-culture experiments were designed using
neonatal rat ventricular cardiomyocytes (NVCM). These terminally differentiated
primary cells are often used for in vitro HF models because of their ideal response to
pharmacological manipulation®. It was hypothesized that the addition of live probiotic
cells to NVCM culture would confer cardiac benefits. The initial simple assays were
performed to determine NVCM viability after exposure to live probiotic cells. Cell lines
that are physiologically accustomed to bacterial exposure, such as gut epithelial cells,
gingival cells, skin cells, or vaginal cells, may be tolerant to bacterial co-culture in vitro.
However, in culturing cells derived from otherwise “sterile” organs, great measures are
taken to avoid bacterial exposure. In the case of NVCM, these cells are not
conventionally exposed to bacteria. To prevent contamination, antibiotics were added to
the culture media. We were initially unsure, therefore if either the NVCM or probiotics
would survive the co-culture conditions, as reports of similar co-culture techniques using
NVCM are scarce in the literature. The heart is considered a “sterile” organ, in which
encounters with bacterial species can result in serious infections. We were impressed to
find that the addition of 5 x 10’ CFU of L. rhamnosus GR-1 to NVCM had no adverse
effects on cell viability or function. In fact, with the daily replacement of cell culture
media and L. rhamnosus GR-1 cells, spontaneously beating NVCM were maintained for
as long as seven days, which is the recommended duration of culture for these primary
cellst. The inclusion of antibiotics in the cell culture media also seemingly did not affect
L. rhamnosus GR-1 cell viability, as its cells were cultivated from the media after 24
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hours. These encouraging preliminary assays seemed to support the hypothesis that

probiotics provide a direct benefit to cardiomyocytes, independent of the gut.

To employ a model relevant to HF, PE was to induce hypertrophy in NVCM. This a-
adrenergic receptor agonist is an agent commonly used in models of cardiac
hypertrophy*>236:237 The effect of PE on NVCM was evaluated by calculating the cell
surface area and gene expression of the hypertrophic markers ANP and aSKA 24 hours
after PE exposure. To closely mimic the design of the CAL studies, each probiotic
treatment was administered to NVCM immediately following PE exposure. Physical
analysis on the change in cell surface area indicates that L. rhamnosus GR-1, L.
plantarum 299v, and S. salivarius K12 administration blocks PE-induced hypertrophy in
NVCM over 24 hours, and normal NVCM morphology and function is maintained. This
phenotype was seen for a range of concentrations of L. rhamnosus GR-1, suggesting a
strong potency of the treatment. The anti-hypertrophic activity of L. rhamnosus GR-1
was confirmed by a significant attenuation of the PE-increased gene expression of both
ANP and aSKA. This supported the hypothesis that the cardiac benefits conferred by
probiotics in vivo and in vitro is not strain specific. Interestingly, NVCM co-cultured with
Lactobacillus reuteri RC-14, a vaginal isolate, generally did not survive the assays.
Attempts to isolate L. reuteri RC-14 from the culture media after the 24 hour co-culture
were unsuccessful, indicating that the co-culture conditions were not viable for L. reuteri
RC-14 either. This showed that not all probiotics have the same mechanism of action or
confer the same health benefits. It is possible that the L. reuteri RC-14 co-culture is non-

viable because it produces hydrogen peroxide in culture®34,

It was presumed that live probiotic cells are required to confer salutary cardiac benefits.
Dead L. rhamnosus GR-1 or L. plantarum 299v cells were not administered in the CAL
studies, however in NVCM co-culture experiments, HK L. rhamnosus GR-1 cells were
administered. L. rhamnosus GR-1 cells were removed from the PCM, washed, and
incubated at 80°C. After unsuccessfully cultivating these cells on MRS agar, they were
determined non-viable. A loss of anti-hypertrophic activity was noted, as determined by
the fold change in cell surface area and ANP gene expression. However, the difference in

the NVCM hypertrophy of live GR-1 cells compared to HK GR-1 cells was not
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statistically significant for all parameters measured. One possible explanation is that L.
rhamnosus GR-1 formed a heat-stable biofilm and thus undetectable live organisms were
still present. Another is that anti-hypertrophic factors produced by L. rhamnosus GR-1
were present despite the heat treatment. Further experiments are warranted to explain the

results.

It is apparent that probiotic strains can provide direct protection to cardiomyocytes
against hypertrophy. While cardiomyocytes will not encounter such high densities of live
probiotic cells in vivo, soluble factors produced by the lactobacilli may cross the gut

epithelial barrier into the blood and reach the heart.

There is evidence that L. rhamnosus GG produces a soluble protein with anti-apoptotic
activity that is directly protective against I/R-associated injury to the heart!’31"®, We were
able to obtain a knock out mutant strain for this protein in L. rhamnosus GR-1
CMPG10200. Its absence did not affect the outcome on the NVCM surface area, as
CMPG10200 conferred an anti-hypertrophic effect identical to the wild type L.
rhamnosus GR-1. Based on these results, it was decided not to continue analysis on this
mutant, but to analyze the effect of NVCM co-culture with PCM, void of live probiotic

cells.

The L. rhamnosus GR-1 supernatant has been studied in other settings, and found to
contain some biosurfactant?32°_In the present studies, when lactobacilli whole cells
were completely removed, the PCM conferred a similar effect against PE-induced
hypertrophy in terms of cell surface area and gene expression of ANP and aSKA, albeit
to a lesser magnitude than the whole cell preparation. This indicated that L. rhamnosus
GR-1 produces a factor that prevented PE-induced hypertrophy in NVCM. It was
hypothesized that the responsible factor was a protein, and treated the PCM with trypsin,
with the result that the effects on surface area and ANP gene expression were completely
lost. While this effect was not as marked in aSKA, there was a slight increase in gene

expression compared to regular PCM.

The role of proteins derived from Lactobacillus rhamnosus GR-1in preventing

hypertrophy was further examined by centrifugal filtration based on molecular size
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exclusion. Filtration of the PCM through 20 nm pore size filter did not result in a
significant difference in the average NVCM surface area compared to untreated cells,
however the fold change in surface area indicated that anti-hypertrophic activity was lost
in both the filtrate and retentate. This suggested that there is may be more than one
protein responsible for attenuating hypertrophy which cannot be effectively separated by
size. It was hoped to elucidate the heat sensitivity of these potential proteins by
incubating the PCM at a high temperature, typically heat stable proteins are smaller in
mass. Trypsin acts indiscriminately on proteins by cleaving peptide chains, but heat
denaturing a solution may result in variable outcomes, depending on the nature of the
proteins present. Large proteins are typically heat sensitive and denature at lower
temperatures than smaller ones. Small, heat stable proteins (less than 20 kDa) have the
potential to maintain function after heat incubation and are reported to be produced by
various lactobacilli strains?*%?4, In these experiments, heat denatured PCM did not
significantly attenuate the PE-induced increase in cell surface area (fold change) or
increase in ANP gene expression, indicating a loss in anti-hypertrophic activity. This may
be due to the destabilization of the protein(s) by the heat treatment. There was no
difference in gene expression of aSKA with heat denatured PCM compared to regular
PCM. These mixed results might suggest that the PCM affects ANP expression
differently than aSKA, or that is more than one protein involved.

There was a difference in the magnitude of the change of gene expression in ANP
compared to aSKA, depending on the nature of the PCM treatment. Both of these
hypertrophic markers are expressed during prenatal cardiac development and then are
downregulated after birth?#224%, Baseline expression of ANP and aSKA in NVCM is
higher than adult cardiomyocytes and gene expression can be induced in both cell types
by hormonal and hemodynamic stimuli as well as pharmacological hypertrophic
agents®*. The signaling mechanisms and pathways for ANP and aSKA differ from one
another, and they are not equally as responsive to some stimuli. As discussed earlier,
ANP is a vasodilator that becomes active in response to hypertension?#?. aSKA is
involved in muscle formation and is associated with cellular growth?*3, Hypertrophic
phenotypes, therefore, may feature activated ANP expression, while aSKA is not

induced?*. The difference lies in the nature of the stimulus used to induce hypertrophy.
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While PE has shown to induce both ANP and aSKA expression in several models of
cardiac hypertrophy?%":237244 other factors may affect the complex and diverse signal
transduction pathways. In the present studies, it is possible that PCM interferes with the
signaling pathway for PE-induced aSKA gene expression, while ANP is unaffected.
Additional assays can be used to confirm hypertrophy, such as cellular leucine
incorporation as a marker for protein synthesis. To continue these mechanistic studies, a
comprehensive functional analysis of the L. rhamnosus GR-1-derived PCM should first
be performed in order to understand exactly what factors are present in the PCM.

The main limitation to the design of the NVCM co-culture experiments was the
availability of NVCM. These primary cells were kindly harvested and provided by the
Karmazyn lab, however Dr. Karmazyn’s own projects understandably took precedence
over this one. The inability to pass and store these cells, as they are already terminally
differentiated and do not divide, meant that the use of NVCM for these co-culture
experiments was entirely dependent on the availability of fresh cells provided with each
harvest. The best attempts were made to match the treatments for cell surface area
experiments to the gene expression experiments in order to confirm the anti-hypertrophic
activity of probiotics. Given the limited availability of cells, this was not always
achieved. With better access to NVCM, future co-culture experiments and treatments
should include dose and time-dependent trials, and additional manipulation of the PCM.
In spite of the limitations, these in vitro NVCM co-culture experiments provided the
foundation for future research into exploring the mechanism behind the attenuation of HF
by probiotics. The next step for this model would be to test the ability of lactobacilli
factors to cross an epithelial barrier using a transwell apparatus. These experiments will
be required in order demonstrate that the anti-hypertrophic factors derived from L.

rhamnosus GR-1 are able to pass through the gut and access the heart.

As schematic diagram of the potential mechanism of action of the probiotic in vivo is
displayed in figure. This diagram summarizes the hypotheses that were tested in this
thesis project and the remaining questions that are left to be answered.
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Reduction of secondary symptoms
(cholesterol, hypertension)?

Interaction with chemokines or
hormones in blood (leptin)?

Straight to heart?

SYSTEMIC CIRCULATION

Figure 21: Schematic diagram depicting the potential mechanism of action of probiotics

at the gut epithelium.

1. Probiotic cells arrive at the intestinal epithelium and produce a soluble factor through
metabolic processes. 2. The soluble factor is transported across the epithelial barrier via
active or passive transport, and enters blood circulation. 3. The portal venous system
transports the soluble probiotic products via the liver to the heart. Along the way, there is
potential interaction with cholesterol and bile acids, and cytokines and hormones in the
blood. The probiotic products then may arrive at the heart via the vena cava and provide a

direct therapeutic benefit to the heart.
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4.3 Clinical implications and the potential for probiotic
therapy for heart failure patients

Probiotics represent one of the fastest growing consumer items on the functional food and
nutraceutical market today?*®. While researchers and regulatory agencies across the
world emphasize the importance of validating efficacy claims made by manufacturers,
there unfortunately still exists a multitude of products with unsubstantiated claims and
misleading applications for use. In order to ensure consumer confidence, rigorous clinical
trials are required before a probiotic product can gain approval for therapeutic use. To
date, Health Canada has approved only one probiotic product with cardiovascular health
claims. This product, Cardioviva™, contains 2 billion CFU of encapsulated Lactobacillus
reuteri NCIMB 30242 and has been clinically proven to lower LDL-cholesterol levels by
11.6% in hypercholesterolemic adults?*®. This product represents decades of research and
development into validating the activity of bile salt hydrolase and cholesterol

sequestration by lactobacilli that has been widely reported in the literature.

Another benefit of probiotic therapy is that cases of adverse effects are very rare. For
both Cardioviva™ and GoodBelly containing Lactobacillus plantarum 299v, the
potential side effects are gas and bloating within the initial days of consumption. L.
rhamnosus GR-1 has been notified and accepted by the American Food & Drug
Administration and has been used extensively for the maintenance of a healthy vaginal
microbiota and for lowering the risk of bacterial vaginosis and recurrent urinary tract
infections without side effects 122134183231 "wjijth the safety of probiotic use established,
future research into the mechanism of action, strain specificity, and dose and time-course

regimes should be prioritized.

A plethora of probiotic products are available to consumers and it is imperative to
thoroughly characterize the benefits of administration for HF before recommending
particular products in a clinical setting. The data presented in this thesis hopefully
represents a seminal point in therapy for HF. Given the relatively safe track record of
probiotics?*’ it should be relatively easy to test this concept in clinical settings and verify
that these outcomes are not rat specific. With the extreme unlikelihood of any adverse

drug interactions, it is possible that probiotics can be used in addition to the current drugs
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available for HF. Furthermore, the evidence that sterile PCM can confer anti-
hypertrophic effects may provide a natural supplement route, albeit without any health
claims. Whether or not probiotics have an additive effect to conventional HF medication
remains to be seen. Such combination testing would be interesting to conduct in an

animal model.

4.4 Conclusions

Several conclusions can be made from the results of the studies presented in this thesis,
all of which should be considered in the wider context of novel approaches to treating
HF:

(1) Oral probiotic administration immediately following myocardial infarction
reduces the severity of HF in the rat. This is based on the measurement of several
parameters that are similarly used as indices of HF in a clinical setting. The
administration of two different species of probiotic Lactobacillus exerted identical
cardiac benefits, to a drug-like effect. This implies that probiotic administration

post-myocardial infarction may be a novel treatment strategy for HF.

(2) The salutary effect of oral probiotic administration on the heart occurs
independent of the composition of the gut microbiota. This is based on the 16S
rRNA gene next-generation sequencing analysis in the CAL study and the co-
culture experiments evaluating the direct interaction of probiotic cells with
NVCM. These findings imply that probiotics function as they pass through the
intestine and produce effects that directly affect the heart.

(3) Lactobacillus rhamnosus GR-1 produces one or many soluble factors in broth
culture that independently confers an anti-hypertrophic benefit to cultured
NVCM. This suggests that the attenuation of HF by probiotic administration
might occur primarily through a reduction of cardiac hypertrophy and ventricular
remodeling and based on in vitro experiments, it is likely that this anti-
hypertrophic factor is a protein.



116

References

10.

11.

12.

13.

Parameswaran S, Kumar S, Verma RS, Sharma RK. Cardiomyocyte culture - an
update on the in vitro cardiovascular model and future challenges. Can J Physiol
Pharmacol. 2013; 91: 985-998.

Louch WE, Sheehan KA, Wolska BM. Methods in cardiomyocyte isolation,
culture, and gene transfer. J Mol Cell Cardiol. 2011; 51: 288-298.

Mitcheson JS, Hancox JC, Levi AJ. Cultured adult cardiac myocytes: Future
applications, culture methods, morphological and electrophysiological properties.
Cardiovasc Res. 1998; 39: 280-300.

Hasenfuss G. Animal models of human cardiovascular disease, heart failure and
hypertrophy. Cardiovasc Res. 1998; 39:60-76.

Curtis MJ, Macleod BA, Walker MJ. Models for the study of arrhythmias in
myocardial ischaemia and infarction: The use of the rat. J Mol Cell Cardiol. 1987;
19: 399-419.

Russell JC, Proctor SD. Small animal models of cardiovascular disease: Tools for
the study of the roles of metabolic syndrome, dyslipidemia, and atherosclerosis.
Cardiovasc Pathol. 2006; 15: 318-330.

Rothen-Rutishauser BM, Ehler E, Perriard E, Messerli JM, Perriard JC. Different
behaviour of the non-sarcomeric cytoskeleton in neonatal and adult rat
cardiomyocytes. J Mol Cell Cardiol. 1998; 30: 19-31.

Chlopcikova S, Psotova J, Miketova P. Neonatal rat cardiomyocytes--a model for
the study of morphological, biochemical and electrophysiological characteristics
of the heart. Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2001;
145: 49-55.

Dhein, S., Mohr, F.W., and Delmar, M. Practical methods in cardiovascular
research. Springer; 2005.

Bugaisky LB, Zak R. Differentiation of adult rat cardiac myocytes in cell culture.
Circ Res. 1989; 64: 493-500.

Zaragoza C, Gomez-Guerrero C, Martin-Ventura JL, et al. Animal models of
cardiovascular diseases. J Biomed Biotechnol. 2011.

Patten RD, Hall-Porter MR. Small animal models of heart failure: Development
of novel therapies, past and present. Circ Heart Fail. 2009; 2: 138-144.

Mendis S, Puska P, Norrving B. Global atlas on cardiovascular disease
prevention and control. World Health Organization, 2011.



14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24,

25.

26.

117

The Canadian Institute for Health Information (CIHI). Inpatient hospitalizations
and average length of stay trends in Canada, 2003-04 and 2004-05. Available at:
https://secure.cihi.ca/estore/productSeries.ntm?pc=PCC526 Accessibility verified
June 10, 2014.

Conference Board of Canada. The Canadian heart health strategy: Risk factors
and future cost implications report. Available at:
http://lwww.conferenceboard.ca/e-library/abstract.aspx?did=3447. Accessibility
verified June 10, 2014

Ross H, Howlett J, Arnold JM, et al. Treating the right patient at the right time:
Access to heart failure care. Can J Cardiol. 2006; 22: 749-754.

Go AS, Mozaffarian D, Roger VL, et al. Heart disease and stroke statistics 2014
update: A report from the American Heart Association. Circulation. 2014; 129:
e28-292.

Arnold JM, Liu P, Demers C, et al. Canadian cardiovascular society consensus
conference recommendations on heart failure 2006: Diagnosis and management.
Can J Cardiol. 2006; 22: 23-45.

Roger VL. Epidemiology of heart failure. Circ Res. 2013; 113: 646-659.

Holland R, Rechel B, Stepien K, Harvey I, Brooksby I. Patients' self-assessed
functional status in heart failure by New York Heart Association class: A
prognostic predictor of hospitalizations, quality of life and death. J Card Fail.
2010; 16: 150-156.

Sun Y. Myocardial repair/remodelling following infarction: Roles of local factors.
Cardiovasc Res. 2009; 81: 482-490.

Frantz S, Bauersachs J, Ertl G. Post-infarct remodelling: Contribution of wound
healing and inflammation. Cardiovasc Res. 2009; 81: 474-481.

Thompson MM, Squire IB. Matrix metalloproteinase-9 expression after
myocardial infarction: Physiological or pathological? Cardiovasc Res. 2002; 54:
495-498.

Tarzami ST. Chemokines and inflammation in heart disease: Adaptive or
maladaptive? Int J Clin Exp Med. 2011; 4: 74-80.

Anker SD, von Haehling S. Inflammatory mediators in chronic heart failure: An
overview. Heart. 2004; 90: 464-470.

Stumpf C, Seybold K, Petzi S, et al. Interleukin-10 improves left ventricular
function in rats with heart failure subsequent to myocardial infarction. Eur J
Heart Fail. 2008; 10: 733-739.



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

118

Kaur K, Dhingra S, Slezak J, Sharma AK, Bajaj A, Singal PK. Biology of TNF-
alpha and IL-10, and their imbalance in heart failure. Heart Fail Rev. 2009; 14:
113-123.

Ljung T, Karlen P, Schmidt D, et al. Infliximab in inflammatory bowel disease:
Clinical outcome in a population based cohort from Stockholm county. Gut. 2004;
53: 849-853.

Martin R, Chain F, Miquel S, et al. Effects in the use of a genetically engineered
strain of lactococcus lactis delivering in situ IL-10 as a therapy to treat low-grade
colon inflammation. Hum Vaccin Immunother. 2014; 10.

Cohn JN, Ferrari R, Sharpe N. Cardiac remodeling--concepts and clinical
implications: A consensus paper from an international forum on cardiac
remodeling. J Am Coll Cardiol. 2000; 35: 569-582.

van den Borne SW, Diez J, Blankesteijn WM, Verjans J, Hofstra L, Narula J.
Myocardial remodeling after infarction: The role of myofibroblasts. Nat Rev
Cardiol. 2010; 7: 30-37.

Sutton MG, Sharpe N. Left ventricular remodeling after myocardial infarction:
Pathophysiology and therapy. Circulation. 2000; 101: 2981-2988.

Opie LH, Commerford PJ, Gersh BJ, Pfeffer MA. Controversies in ventricular
remodelling. Lancet. 2006; 367: 356-367.

Katz AM. Cell death in the failing heart: Role of an unnatural growth response to
overload. Clin Cardiol. 1995; 18: I1V36-44.

Siddiqui RA, Shaikh SR, Kovacs R, Stillwell W, Zaloga G. Inhibition of
phenylephrine-induced cardiac hypertrophy by docosahexaenoic acid. J Cell
Biochem. 2004; 92:1141-1159.

Frey N, Katus HA, Olson EN, Hill JA. Hypertrophy of the heart: A new
therapeutic target? Circulation. 2004; 109: 1580-1589.

Katz AM. The "modern™ view of heart failure: How did we get here? Circ Heart
Fail. 2008; 1: 63-71.

Meerson FZ. On the mechanism of compensatory hyperfunction and insufficiency
of the heart. Cor Vasa. 1961, 3: 161-177.

Vikstrom KL, Bohlmeyer T, Factor SM, Leinwand LA. Hypertrophy, pathology,
and molecular markers of cardiac pathogenesis. Circ Res. 1998; 82: 773-778.

Kessler-Icekson G, Barhum Y, Schaper J, Schaper W, Kaganovsky E, Brand T.
ANP expression in the hypertensive heart. Exp Clin Cardiol. 2002; 7: 80-84.



41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

119

Kaganovsky E, Belkin V, Barhum Y, Schaper J, Schaper W, Kessler-Icekson G.
Occurrence and distribution of atrial natriuretic peptide-containing cells in the left
ventricle of hypertensive rats. Effect of antihypertensive treatment. Cell Tissue
Res. 2001; 303: 57-67.

Sadoshima J, Jahn L, Takahashi T, Kulik TJ, Izumo S. Molecular characterization
of the stretch-induced adaptation of cultured cardiac cells. An in vitro model of
load-induced cardiac hypertrophy. J Biol Chem. 1992; 267: 10551-10560.

Moey M, Rajapurohitam V, Zeidan A, Karmazyn M. Ginseng (panax
quinquefolius) attenuates leptin-induced cardiac hypertrophy through inhibition of
p115Rho guanine nucleotide exchange factor-RhoA/rho-associated, coiled-coil
containing protein kinase-dependent mitogen-activated protein kinase pathway
activation. J Pharmacol Exp Ther. 2011; 339: 746-756.

Guo J, Gan XT, Haist JV, et al. Ginseng inhibits cardiomyocyte hypertrophy and
heart failure via NHE-1 inhibition and attenuation of calcineurin activation. Circ
Heart Fail. 2011; 4: 79-88.

Schrier RW, Abraham WT. Hormones and hemodynamics in heart failure. N Engl
J Med. 1999; 341: 577-585.

Xiang W, Kong J, Chen S, et al. Cardiac hypertrophy in vitamin D receptor
knockout mice: Role of the systemic and cardiac renin-angiotensin systems. Am J
Physiol Endocrinol Metab. 2005; 288: E125-32.

Rajapurohitam V, Javadov S, Purdham DM, Kirshenbaum LA, Karmazyn M. An
autocrine role for leptin in mediating the cardiomyocyte hypertrophic effects of
angiotensin Il and endothelin-1. J Mol Cell Cardiol. 2006; 41: 265-274.

Pitt B, Segal R, Martinez FA, et al. Randomised trial of losartan versus captopril
in patients over 65 with heart failure (evaluation of losartan in the elderly study,
ELITE). Lancet. 1997; 349: 747-752.

Pfeffer MA, Braunwald E, Moye LA, et al. Effect of captopril on mortality and
morbidity in patients with left ventricular dysfunction after myocardial infarction.
Results of the survival and ventricular enlargement trial. The SAVE investigators.
N Engl J Med. 1992; 327: 669-677.

Effect of ramipril on mortality and morbidity of survivors of acute myocardial
infarction with clinical evidence of heart failure. The acute infarction ramipril
efficacy (AIRE) study investigators. Lancet. 1993; 342: 821-828.

Packer M, Bristow MR, Cohn JN, et al. The effect of carvedilol on morbidity and
mortality in patients with chronic heart failure. U.S. carvedilol heart failure study
group. N Engl J Med. 1996; 334: 1349-1355.



52.

53.

54,

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

120

Koh KK, Park SM, Quon MJ. Leptin and cardiovascular disease: Response to
therapeutic interventions. Circulation. 2008; 117: 3238-3249.

Wallace AM, McMahon AD, Packard CJ, et al. Plasma leptin and the risk of
cardiovascular disease in the west of Scotland coronary prevention study
(WOSCOPS). Circulation. 2001; 104: 3052-3056.

Shintani M, Ikegami H, Fujisawa T, et al. Leptin gene polymorphism is associated
with hypertension independent of obesity. J Clin Endocrinol Metab. 2002; 87:
2909-2912.

Karmazyn M, Purdham DM, Rajapurohitam V, Zeidan A. Signalling mechanisms
underlying the metabolic and other effects of adipokines on the heart. Cardiovasc
Res. 2008; 79: 279-286.

Purdham DM, Zou MX, Rajapurohitam V, Karmazyn M. Rat heart is a site of
leptin production and action. Am J Physiol Heart Circ Physiol. 2004; 287: H2877-
84.

Schulze PC, Kratzsch J. Leptin as a new diagnostic tool in chronic heart failure.
Clin Chim Acta. 2005; 362: 1-11.

Considine RV, Sinha MK, Heiman ML, et al. Serum immunoreactive-leptin
concentrations in normal-weight and obese humans. N Engl J Med. 1996; 334:
292-295.

Karmazyn M, Purdham DM, Rajapurohitam V, Zeidan A. Leptin as a cardiac
hypertrophic factor: A potential target for therapeutics. Trends Cardiovasc Med.
2007; 17: 206-211.

Rajapurohitam V, Gan XT, Kirshenbaum LA, Karmazyn M. The obesity-
associated peptide leptin induces hypertrophy in neonatal rat ventricular
myocytes. Circ Res. 2003; 93: 277-279.

Human Microbiome Project Consortium. Structure, function and diversity of the
healthy human microbiome. Nature. 2012; 486: 207-214.

NIH HMP Working Group, Peterson J, Garges S, et al. The NIH human
microbiome project. Genome Res. 2009; 19: 2317-2323.

Cho I, Blaser MJ. The human microbiome: At the interface of health and disease.
Nat Rev Genet. 2012; 13: 260-270.

Hamady M, Knight R. Microbial community profiling for human microbiome
projects: Tools, techniques, and challenges. Genome Res. 2009; 19: 1141-1152.

Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, Gordon JI. The
human microbiome project. Nature. 2007; 449: 804-810.



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

121

Eckburg PB, Bik EM, Bernstein CN, et al. Diversity of the human intestinal
microbial flora. Science. 2005; 308: 1635-1638.

Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: Human gut
microbes associated with obesity. Nature. 2006; 444: 1022-1023.

Tremaroli V, Backhed F. Functional interactions between the gut microbiota and
host metabolism. Nature. 2012; 489: 242-249.

David R. Microbiome: Pathogens and commensals fight it out. Nat Rev Microbiol.
2012; 10: 445.

Chang JY, Antonopoulos DA, Kalra A, et al. Decreased diversity of the fecal
microbiome in recurrent Clostridium difficile-associated diarrhea. J Infect Dis.
2008; 197: 435-438.

Corr SC, Li Y, Riedel CU, O'Toole PW, Hill C, Gahan CG. Bacteriocin
production as a mechanism for the anti-infective activity of Lactobacillus
salivarius UCC118. Proc Natl Acad Sci U S A. 2007; 104: 7617-7621.

Nes IF, Diep DB, Havarstein LS, Brurberg MB, Eijsink V, Holo H. Biosynthesis
of bacteriocins in lactic acid bacteria. Antonie Van Leeuwenhoek. 1996; 70: 113-
128.

Klaenhammer TR. Genetics of bacteriocins produced by lactic acid bacteria.
FEMS Microbiol Rev. 1993; 12: 39-85.

Khoruts A, Dicksved J, Jansson JK, Sadowsky MJ. Changes in the composition of
the human fecal microbiome after bacteriotherapy for recurrent Clostridium
difficile-associated diarrhea. J Clin Gastroenterol. 2010; 44: 354-360.

Sokol H, Pigneur B, Watterlot L, et al. Faecalibacterium prausnitzii is an anti-
inflammatory commensal bacterium identified by gut microbiota analysis of
crohn disease patients. Proc Natl Acad Sci U S A. 2008; 105: 16731-16736.

Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR.
Molecular-phylogenetic characterization of microbial community imbalances in
human inflammatory bowel diseases. Proc Natl Acad Sci U S A. 2007; 104:
13780-13785.

Belda-Ferre P, Alcaraz LD, Cabrera-Rubio R, et al. The oral metagenome in
health and disease. ISME J. 2012; 6: 46-56.

Hajishengallis G, Liang S, Payne MA, et al. Low-abundance biofilm species
orchestrates inflammatory periodontal disease through the commensal microbiota
and complement. Cell Host Microbe. 2011; 10: 497-506.



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

122

Food and Agriculture Association on the United Nations, World Health
Organization. Health and nutritional properties of probiotics in food including
powder milk with live lactic acid bacteria. 2001.

Spear GT, Sikaroodi M, Zariffard MR, Landay AL, French AL, Gillevet PM.
Comparison of the diversity of the vaginal microbiota in HIV-infected and HIV-
uninfected women with or without bacterial vaginosis. J Infect Dis. 2008; 198:
1131-1140.

Fredricks DN, Fiedler TL, Marrazzo JM. Molecular identification of bacteria
associated with bacterial vaginosis. N Engl J Med. 2005; 353: 1899-1911.

Nicholson JK, Holmes E, Kinross J, et al. Host-gut microbiota metabolic
interactions. Science. 2012; 336: 1262-1267.

Turnbaugh PJ, Backhed F, Fulton L, Gordon JI. Diet-induced obesity is linked to
marked but reversible alterations in the mouse distal gut microbiome. Cell Host
Microbe. 2008; 3: 213-223.

Turnbaugh PJ, Hamady M, Yatsunenko T, et al. A core gut microbiome in obese
and lean twins. Nature. 2009; 457: 480-484.

Greenblum S, Turnbaugh PJ, Borenstein E. Metagenomic systems biology of the
human gut microbiome reveals topological shifts associated with obesity and
inflammatory bowel disease. Proc Natl Acad Sci U S A. 2012; 109: 594-599.

Abdallah Ismail N, Ragab SH, Abd Elbaky A, Shoeib AR, Alhosary Y, Fekry D.
Frequency of firmicutes and bacteroidetes in gut microbiota in obese and normal
weight Egyptian children and adults. Arch Med Sci. 2011; 7: 501-507.

Mulle JG, Sharp WG, Cubells JF. The gut microbiome: A new frontier in autism
research. Curr Psychiatry Rep. 2013; 15: 337

Muccioli GG, Naslain D, Backhed F, et al. The endocannabinoid system links gut
microbiota to adipogenesis. Mol Syst Biol. 2010; 6: 392.

Smits LP, Bouter KE, de Vos WM, Borody TJ, Nieuwdorp M. Therapeutic
potential of fecal microbiota transplantation. Gastroenterology. 2013; 145: 946-
953.

Collins SM, Surette M, Bercik P. The interplay between the intestinal microbiota
and the brain. Nat Rev Microbiol. 2012; 10: 735-742.

Clayton TA. Metabolic differences underlying two distinct rat urinary
phenotypes, a suggested role for gut microbial metabolism of phenylalanine and a
possible connection to autism. FEBS Lett. 2012; 586: 956-961.



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

123

Mayer EA. Gut feelings: The emerging biology of gut-brain communication. Nat
Rev Neurosci. 2011; 12: 453-466.

Rhee SH, Pothoulakis C, Mayer EA. Principles and clinical implications of the
brain-gut-enteric microbiota axis. Nat Rev Gastroenterol Hepatol. 2009; 6: 306-
314.

Critchfield JW, van Hemert S, Ash M, Mulder L, Ashwood P. The potential role
of probiotics in the management of childhood autism spectrum disorders.
Gastroenterol Res Pract. 2011; 161358.

Sandler RH, Finegold SM, Bolte ER, et al. Short-term benefit from oral
vancomycin treatment of regressive-onset autism. J Child Neurol. 2000; 15: 429-
435.

Aas JA, Paster BJ, Stokes LN, Olsen I, Dewhirst FE. Defining the normal
bacterial flora of the oral cavity. J Clin Microbiol. 2005; 43: 5721-5732.

Dewhirst FE, Chen T, Izard J, et al. The human oral microbiome. J Bacteriol.
2010; 192: 5002-5017.

Beck JD, Offenbacher S. Systemic effects of periodontitis: Epidemiology of
periodontal disease and cardiovascular disease. J Periodontol. 2005; 76: 2089-
2100.

Scannapieco FA, Bush RB, Paju S. Associations between periodontal disease and
risk for atherosclerosis, cardiovascular disease, and stroke. A systematic review.
Ann Periodontol. 2003; 8: 38-53.

Mattila KJ, Pussinen PJ, Paju S. Dental infections and cardiovascular
diseases: A review. J Periodontol. 2005; 76: 2085-2088.

Zarco MF, Vess TJ, Ginsburg GS. The oral microbiome in health and
disease and the potential impact on personalized dental medicine. Oral Dis. 2012;
18: 109-120.

Horz HP, Conrads G. Diagnosis and anti-infective therapy of periodontitis.
Expert Rev Anti Infect Ther. 2007; 5: 703-715.

Geismar K, Enevold C, Sorensen LK, et al. Involvement of interleukin-1
genotypes in the association of coronary heart disease with periodontitis. J
Periodontol. 2008; 79: 2322-2330.

104. D'Aiuto F, Ready D, Tonetti MS. Periodontal disease and C-reactive

protein-associated cardiovascular risk. J Periodontal Res. 2004; 39: 236-241.



124

105. Dietrich T, Jimenez M, Krall Kaye EA, Vokonas PS, Garcia RI. Age-
dependent associations between chronic periodontitis/edentulism and risk of
coronary heart disease. Circulation. 2008; 117: 1668-1674.

106. DeStefano F, Anda RF, Kahn HS, Williamson DF, Russell CM. Dental
disease and risk of coronary heart disease and mortality. BMJ. 1993; 306: 688-
691.

107. Junemann S, Prior K, Szczepanowski R, et al. Bacterial community shift
in treated periodontitis patients revealed by ion torrent 16S rRNA gene amplicon
sequencing. PLoS One. 2012; 7: e41606.

108. Fukuda S, Ohno H. Gut microbiome and metabolic diseases. Semin
Immunopathol. 2014; 36: 103-14.

109. Gargano LM, Hughes JM. Microbial origins of chronic diseases. Annu Rev
Public Health. 2014; 35: 65-82.

110. Wong JM, Esfahani A, Singh N, et al. Gut microbiota, diet, and heart
disease. J AOAC Int. 2012; 95: 24-30.

111. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon
JI. An obesity-associated gut microbiome with increased capacity for energy
harvest. Nature. 2006; 444: 1027-1031.

112. Sacks FM, Ornish D, Rosner B, McLanahan S, Castelli WP, Kass EH.
Plasma lipoprotein levels in vegetarians: The effect of ingestion of fats from dairy
products. JAMA. 1985; 254: 1337-1341.

113. Jenkins DJ, Kendall CW, Marchie A, et al. The garden of eden--plant
based diets, the genetic drive to conserve cholesterol and its implications for heart
disease in the 21st century. Comp Biochem Physiol A Mol Integr Physiol. 2003;
136: 141-151.

114. Bernstein AM, Sun Q, Hu FB, Stampfer MJ, Manson JE, Willett WC.
Major dietary protein sources and risk of coronary heart disease in women.
Circulation. 2010; 122: 876-883.

115. Micha R, Wallace SK, Mozaffarian D. Red and processed meat
consumption and risk of incident coronary heart disease, stroke, and diabetes
mellitus: A systematic review and meta-analysis. Circulation. 2010; 121: 2271-
2283.

116. Koeth RA, Wang Z, Levison BS, et al. Intestinal microbiota metabolism
of L-carnitine, a nutrient in red meat, promotes atherosclerosis. Nat Med. 2013;
19: 576-585.

117. Re RN. Obesity-related hypertension. Ochsner J. 2009; 9: 133-136.



125

118. Lesbros-Pantoflickova D, Corthesy-Theulaz I, Blum AL. Helicobacter
pylori and probiotics. J Nutr. 2007; 137: 812S-8S.

119. Levy J. The effects of antibiotic use on gastrointestinal function. Am J
Gastroenterol. 2000; 95: S8-10.

120. Marteau PR, de Vrese M, Cellier CJ, Schrezenmeir J. Protection from
gastrointestinal diseases with the use of probiotics. Am J Clin Nutr. 2001; 73:
430S-436S.

121. Howell TH. Metchnikoff and prolongation of life. Age Ageing. 1988; 17:
420-421.
122. Reid G, Beuerman D, Heinemann C, Bruce AW. Probiotic Lactobacillus

dose required to restore and maintain a normal vaginal flora. FEMS Immunol Med
Microbiol. 2001; 32: 37-41.

123. Ruszczynski M, Radzikowski A, Szajewska H. Clinical trial:
Effectiveness of Lactobacillus rhamnosus (strains E/N, oxy and pen) in the
prevention of antibiotic-associated diarrhoea in children. Aliment Pharmacol
Ther. 2008; 28: 154-161.

124, Swidsinski A, Loening-Baucke V, Kirsch S, Doerffel Y. Functional
biostructure of colonic microbiota (central fermenting area, germinal stock area
and separating mucus layer) in healthy subjects and patients with diarrhea treated
with Saccharomyces boulardii. Gastroenterol Clin Biol. 2010; 34: S79-92.

125. Guglielmetti S, Mora D, Gschwender M, Popp K. Randomised clinical
trial: Bifidobacterium bifidum MIMBb75 significantly alleviates irritable bowel
syndrome and improves quality of life-a double-blind, placebo-controlled study.
Aliment Pharmacol Ther. 2011; 33: 1123-1132.

126. Francavilla R, Miniello V, Magista AM, et al. A randomized controlled
trial of Lactobacillus GG in children with functional abdominal pain. Pediatrics.
2010; 126: e1445-52.

127. Lyra A, Krogius-Kurikka L, Nikkila J, et al. Effect of a multispecies
probiotic supplement on quantity of irritable bowel syndrome-related intestinal
microbial phylotypes. BMC Gastroenterol. 2010; 10: 110.

128. Ducrotte P, Sawant P, Jayanthi V. Clinical trial: Lactobacillus plantarum
299v (DSM 9843) improves symptoms of irritable bowel syndrome. World J
Gastroenterol. 2012; 18: 4012-4018.

129. Nista EC, Candelli M, Cremonini F, et al. Bacillus clausii therapy to
reduce side-effects of anti-Helicobacter pylori treatment: Randomized, double-
blind, placebo controlled trial. Aliment Pharmacol Ther. 2004; 20: 1181-1188.



126

130. McFarland LV, Surawicz CM, Greenberg RN, et al. A randomized
placebo-controlled trial of Saccharomyces boulardii in combination with standard
antibiotics for Clostridium difficile disease. JAMA. 1994; 271: 1913-1918.

131. Dylag K, Hubalewska-Mazgaj M, Surmiak M, Szmyd J, Brzozowski T.
Probiotics in the mechanism of protection against gut inflammation and therapy
of gastrointestinal disorders. Curr Pharm Des. 2013; 20: 1149-55.

132. Lee YK, Puong KY. Competition for adhesion between probiotics and
human gastrointestinal pathogens in the presence of carbohydrate. Br J Nutr.
2002; 88: S101-8.

133. Reid G, Younes JA, Van der Mei HC, Gloor GB, Knight R, Busscher HJ.
Microbiota restoration: Natural and supplemented recovery of human microbial
communities. Nat Rev Microbiol. 2011; 9: 27-38.

134. Reid G, Cook RL, Bruce AW. Examination of strains of lactobacilli for
properties that may influence bacterial interference in the urinary tract. J Urol.
1987; 138: 330-335.

135. Walker WA. Mechanisms of action of probiotics. Clin Infect Dis. 2008;
46: S87-91.
136. Yan F, Cao H, Cover TL, Whitehead R, Washington MK, Polk DB.

Soluble proteins produced by probiotic bacteria regulate intestinal epithelial cell
survival and growth. Gastroenterology. 2007; 132: 562-575.

137. Corthesy B, Gaskins HR, Mercenier A. Cross-talk between probiotic
bacteria and the host immune system. J Nutr. 2007; 137: 781S-90S.

138. Isolauri E, Sutas Y, Kankaanpaa P, Arvilommi H, Salminen S. Probiotics:
Effects on immunity. Am J Clin Nutr. 2001; 73: 444S-450S.

139. Vaghef-Mehrabany E, Alipour B, Homayouni-Rad A, Sharif SK, Asghari-
Jafarabadi M, Zavvari S. Probiotic supplementation improves inflammatory status
in patients with rheumatoid arthritis. Nutrition. 2014; 30: 430-5.

140. Ebel B, Lemetais G, Beney L, et al. Impact of probiotics on risk factors for
cardiovascular diseases. A review. Crit Rev Food Sci Nutr. 2014; 54: 175-189.

141. Crittenden RG, Martinez NR, Playne MJ. Synthesis and utilisation of
folate by yoghurt starter cultures and probiotic bacteria. Int J Food Microbiol.
2003; 80: 217-222.

142. Morishita T, Tamura N, Makino T, Kudo S. Production of menaquinones
by lactic acid bacteria. J Dairy Sci. 1999; 82: 1897-1903.



127

143. Pompei A, Cordisco L, Amaretti A, Zanoni S, Matteuzzi D, Rossi M.
Folate production by bifidobacteria as a potential probiotic property. Appl
Environ Microbiol. 2007; 73: 179-185.

144, Nase L, Hatakka K, Savilahti E, et al. Effect of long-term consumption of
a probiotic bacterium, Lactobacillus rhamnosus GG, in milk on dental caries and
caries risk in children. Caries Res. 2001; 35: 412-420.

145. Nikawa H, Makihira S, Fukushima H, et al. Lactobacillus reuteri in bovine
milk fermented decreases the oral carriage of mutans streptococci. Int J Food
Microbiol. 2004; 95: 219-223.

146. Hatakka K, Ahola AJ, Yli-Knuuttila H, et al. Probiotics reduce the
prevalence of oral candida in the elderly-a randomized controlled trial. J Dent
Res. 2007; 86: 125-130.

147. Burton JP, Wescombe PA, Macklaim JM, et al. Persistence of the oral
probiotic Streptococcus salivarius M18 is dose dependent and megaplasmid
transfer can augment their bacteriocin production and adhesion characteristics.
PLoS One. 2013; 8: e65991.

148. Ishijima SA, Hayama K, Burton JP, et al. Effect of streptococcus
salivarius K12 on the in vitro growth of Candida albicans and its protective effect
in an oral candidiasis model. Appl Environ Microbiol. 2012; 78: 2190-2199.

149. Burton JP, Chilcott CN, Moore CJ, Speiser G, Tagg JR. A preliminary
study of the effect of probiotic streptococcus salivarius K12 on oral malodour
parameters. J Appl Microbiol. 2006; 100: 754-764.

150. Cosseau C, Devine DA, Dullaghan E, et al. The commensal Streptococcus
salivarius K12 downregulates the innate immune responses of human epithelial
cells and promotes host-microbe homeostasis. Infect Immun. 2008; 76: 4163-
4175.

151. Vivekananda MR, Vandana KL, Bhat KG. Effect of the probiotic
Lactobacilli reuteri (prodentis) in the management of periodontal disease: A
preliminary randomized clinical trial. J Oral Microbiol. 2010; 2.

152. Krasse P, Carlsson B, Dahl C, Paulsson A, Nilsson A, Sinkiewicz G.
Decreased gum bleeding and reduced gingivitis by the probiotic Lactobacillus
reuteri. Swed Dent J. 2006; 30: 55-60.

153. Grudianov Al, Dmitrieva NA, Fomenko EV. Use of probiotics
Bifidumbacterin and acilact in tablets in therapy of periodontal inflammations.
Stomatologiia (Mosk). 2002; 81: 39-43.

154, Koll-Klais P, Mandar R, Leibur E, Marcotte H, Hammarstrom L,
Mikelsaar M. Oral lactobacilli in chronic periodontitis and periodontal health:



128

Species composition and antimicrobial activity. Oral Microbiol Immunol. 2005;
20: 354-361.

155. Twetman S, Derawi B, Keller M, Ekstrand K, Yucel-Lindberg T,
Stecksen-Blicks C. Short-term effect of chewing gums containing probiotic
Lactobacillus reuteri on the levels of inflammatory mediators in gingival
crevicular fluid. Acta Odontol Scand. 2009; 67: 19-24.

156. Stamatova |, Meurman JH. Probiotics: Health benefits in the mouth. Am J
Dent. 2009; 22: 329-338.

157. Meurman JH, Stamatova |. Probiotics: Contributions to oral health. Oral
Dis. 2007;13: 443-451.

158. Poirier P, Giles TD, Bray GA, et al. Obesity and cardiovascular disease:
Pathophysiology, evaluation, and effect of weight loss: An update of the 1997
American Heart Association scientific statement on obesity and heart disease
from the obesity committee of the council on nutrition, physical activity, and
metabolism. Circulation. 2006; 113: 898-918.

159. Ji YS, Kim HN, Park HJ, et al. Modulation of the murine microbiome with
a concomitant anti-obesity effect by Lactobacillus rhamnosus GG and
Lactobacillus sakei NR28. Benef Microbes. 2012; 3: 13-22.

160. McNulty NP, Yatsunenko T, Hsiao A, et al. The impact of a consortium of
fermented milk strains on the gut microbiome of gnotobiotic mice and
monozygotic twins. Sci Transl Med. 2011; 3: 106ra106.

161. Lee SJ, Bose S, Seo JG, Chung WS, Lim CY, Kim H. The effects of co-
administration of probiotics with herbal medicine on obesity, metabolic
endotoxemia and dysbiosis: A randomized double-blind controlled clinical trial.
Clin Nutr. 2013.

162. West DB, Delany JP, Camet PM, Blohm F, Truett AA, Scimeca J. Effects
of conjugated linoleic acid on body fat and energy metabolism in the mouse. Am J
Physiol. 1998; 275: R667-72.

163. Lee HY, Park JH, Seok SH, et al. Human originated bacteria,
Lactobacillus rhamnosus PL60, produce conjugated linoleic acid and show anti-
obesity effects in diet-induced obese mice. Biochim Biophys Acta. 2006; 1761:
736-744.

164. Lee K, Paek K, Lee HY, Park JH, Lee Y. Antiobesity effect of trans-
10,cis-12-conjugated linoleic acid-producing Lactobacillus plantarum PL62 on
diet-induced obese mice. J Appl Microbiol. 2007; 103: 1140-1146.



129

165. Hamad EM, Sato M, Uzu K, et al. Milk fermented by Lactobacillus
gasseri SBT2055 influences adipocyte size via inhibition of dietary fat absorption
in Zucker rats. Br J Nutr. 2009; 101: 716-724.

166. Takemura N, Okubo T, Sonoyama K. Lactobacillus plantarum strain no.
14 reduces adipocyte size in mice fed high-fat diet. Exp Biol Med (Maywood).
2010; 235: 849-856.

167. Grundy SM. Promise of low-density lipoprotein-lowering therapy for
primary and secondary prevention. Circulation. 2008; 117: 569-73.

168. Guo Z, Liu XM, Zhang QX et al. Influence of consumption of probiotics
on the plasma lipid profile: A meta-analysis of randomised controlled trials. Nutr
Metab Cardiovasc Dis. 2011; 21: 844-850.

169. Kimoto H, Ohmomo S, Okamoto T. Cholesterol removal from media by
lactococci. J Dairy Sci. 2002; 85: 3182-3188.

170. Lye HS, Rahmat-Ali GR, Liong MT. Mechanisms of cholesterol removal
by lactobacilli under conditions that mimic the human gastrointestinal tract.
International Dairy Journal. 2010; 20: 169-175.

171. Pavlovic N, Stankov K, Mikov M. Probiotics-interactions with bile acids
and impact on cholesterol metabolism. Appl Biochem Biotechnol. 2012; 168:
1880-1895.

172. Kumar M, Nagpal R, Kumar R, et al. Cholesterol-lowering probiotics as
potential biotherapeutics for metabolic diseases. Exp Diabetes Res. 2012; 902917.

173. Elkins CA, Moser SA, Savage DC. Genes encoding bile salt hydrolases
and conjugated bile salt transporters in Lactobacillus johnsonii 100-100 and other
lactobacillus species. Microbiology. 2001; 147: 3403-3412.

174. Egan BM, Li J, Qanungo S, Wolfman TE. Blood pressure and cholesterol
control in hypertensive hypercholesterolemic patients: National health and
nutrition examination surveys 1988-2010. Circulation. 2013; 128: 29-41.

175. Dong JY, Szeto IM, Makinen K, et al. Effect of probiotic fermented milk
on blood pressure: A meta-analysis of randomised controlled trials. Br J Nutr.
2013; 110: 1188-1194.

176. Gonzalez-Gonzalez C, Gibson T, Jauregi P. Novel probiotic-fermented
milk with angiotensin I-converting enzyme inhibitory peptides produced by
Bifidobacterium bifidum MF 20/5. Int J Food Microbiol. 2013; 167: 131-137.

177. Yeo SK, Liong MT. Angiotensin I-converting enzyme inhibitory activity
and bioconversion of isoflavones by probiotics in soymilk supplemented with
prebiotics. Int J Food Sci Nutr. 2010; 61: 161-181.



130

178. Yan F, Polk DB. Probiotic bacterium prevents cytokine-induced apoptosis
in intestinal epithelial cells. J Biol Chem. 2002; 277: 50959-50965.

179. Zhao B, Sun G, Feng G, et al. Carboxy terminus of heat shock protein
(HSP) 70-interacting protein (CHIP) inhibits HSP70 in the heart. J Physiol
Biochem. 2012; 68: 485-491.

180. Lam V, Su J, Koprowski S, et al. Intestinal microbiota determine severity
of myocardial infarction in rats. FASEB J. 2012; 26: 1727-1735.

181. Gan XT, Ettinger G, Huang CX, et al. Probiotic administration attenuates
myocardial hypertrophy and heart failure following myocardial infarction in the
rat. Circ Heart Fail. 2014; 7: 491.

182. Gardiner GE, Heinemann C, Baroja ML, et al. Oral administration of the
probiotic combination Lactobacillus rhamnosus GR-1 and L. fermentum RC-14
for human intestinal applications. International Dairy Journal. 2002; 12: 191-196.

183. Reid G, Charbonneau D, Erb J, et al. Oral use of Lactobacillus rhamnosus
GR-1 and L. fermentum RC-14 significantly alters vaginal flora: Randomized,
placebo-controlled trial in 64 healthy women. FEMS Immunol Med Microbiol.
2003; 35: 131-134.

184. Bujalance C, Jimenez-Valera M, Moreno E, Ruiz-Bravo A. A selective
differential medium for Lactobacillus plantarum. J Microbiol Methods. 2006; 66:
572-575.

185. Tian Y, Zhang L, Wang Y, Tang H. Age-related topographical metabolic
signatures for the rat gastrointestinal contents. J Proteome Res. 2012; 11: 1397-
1411.

186. Fernandes AD, Reid JN, Macklaim JM, McMurrough TA, Edgell DR,
Gloor GB. Unifying the analysis of high-throughput sequencing datasets:
Characterizing RNA-seq, 16S rRNA gene sequencing and selective growth
experiments by compositional data analysis. Microbiome. 2014; 2: 15-2618-2-15.

187. Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics. 2010; 26: 2460-2461.

188. Cole JR, Wang Q, Cardenas E, et al. The ribosomal database project:
Improved alignments and new tools for rRNA analysis. Nucleic Acids Res. 2009;
37: D141-5.

189. DeSantis TZ, Hugenholtz P, Larsen N, et al. Greengenes, a chimera-
checked 16S rRNA gene database and workbench compatible with ARB. Appl
Environ Microbiol. 2006; 72: 5069-5072.



131

190. Caporaso JG, Kuczynski J, Stombaugh J, et al. QIIME allows analysis of
high-throughput community sequencing data. Nat Methods. 2010; 7: 335-336.

191. Lozupone CA, Hamady M, Kelley ST, Knight R. Quantitative and
qualitative beta diversity measures lead to different insights into factors that
structure microbial communities. Appl Environ Microbiol. 2007; 73: 1576-1585.

192. Claes 1J, Schoofs G, Regulski K, et al. Genetic and biochemical
characterization of the cell wall hydrolase activity of the major secreted protein of
Lactobacillus rhamnosus GG. PLoS One. 2012; 7: e31588.

193. Yan F, Polk DB. Characterization of a probiotic-derived soluble protein
which reveals a mechanism of preventive and treatment effects of probiotics on
intestinal inflammatory diseases. Gut Microbes. 2012; 3: 25-28.

194, Ye J, Coulouris G, Zaretskaya I, Cutcutache I, Rozen S, Madden TL.
Primer-BLAST: A tool to design target-specific primers for polymerase chain
reaction. BMC Bioinformatics. 2012; 13: 134-2105-13-134.

195. Gloor GB, Hummelen R, Macklaim JM, et al. Microbiome profiling by
illumina sequencing of combinatorial sequence-tagged PCR products. PLoS One.
2010; 5: e15406.

196. Rahmouni K, Haynes WG, Mark AL. Cardiovascular and sympathetic
effects of leptin. Curr Hypertens Rep. 2002; 4: 119-125.

197. Jones ML, Tomaro-Duchesneau C, Martoni CJ, Prakash S. Cholesterol
lowering with bile salt hydrolase-active probiotic bacteria, mechanism of action,
clinical evidence, and future direction for heart health applications. Expert Opin
Biol Ther. 2013; 13: 631-642.

198. McMillan A, Dell M, Zellar MP, et al. Disruption of urogenital biofilms
by lactobacilli. Colloids Surf B Biointerfaces. 2011; 86: 58-64.

199. Bruce AW, Reid G. Intravaginal instillation of lactobacilli for prevention
of recurrent urinary tract infections. Can J Microbiol. 1988; 34: 339-343.

200. Anukam KC, Hayes K, Summers K, Reid G. Probiotic Lactobacillus
rhamnosus GR-1 and Lactobacillus reuteri RC-14 may help downregulate TNF-
alpha, IL-6, IL-8, IL-10 and IL-12 (p70) in the neurogenic bladder of spinal cord
injured patient with urinary tract infections: A two-case study. Adv Urol. 2009:
680363.

201. Reid G, Bruce AW, Taylor M. Influence of three-day antimicrobial
therapy and Lactobacillus vaginal suppositories on recurrence of urinary tract
infections. Clin Ther. 1992; 14: 11-16.



132

202. Reid G. The potential role for probiotic yogurt for people living with
HIV/AIDS. Gut Microbes. 2010; 1: 411-414.

203. Anukam KC, Osazuwa EO, Osadolor HB, Bruce AW, Reid G. Yogurt
containing probiotic Lactobacillus rhamnosus GR-1 and L. reuteri RC-14 helps
resolve moderate diarrhea and increases CD4 count in HIV/AIDS patients. J Clin
Gastroenterol. 2008; 42: 239-243.

204. Hill C, Guarner F, Reid G, et al. International Scientific Association for
Probiotics and Prebiotics. Current thinking on the scope of probiotics: Report
from consensus panel. In press.

205. Petschow B, Dore J, Hibberd P, et al. Probiotics, prebiotics, and the host
microbiome: The science of translation. Ann N Y Acad Sci. 2013; 1306: 1-17.

206. Troost FJ, van Baarlen P, Lindsey P, et al. Identification of the
transcriptional response of human intestinal mucosa to Lactobacillus plantarum
WCFS1 in vivo. BMC Genomics. 2008; 9: 374-2164-9-374.

207. Moey M, Gan XT, Huang CX, et al. Ginseng reverses established
cardiomyocyte hypertrophy and postmyocardial infarction-induced hypertrophy
and heart failure. Circ Heart Fail. 2012; 5: 504-514.

208. Li CY, Deng W, Liao XQ, Deng J, Zhang YK, Wang DX. The effects and
mechanism of ginsenoside Rg1l on myocardial remodeling in an animal model of
chronic thromboembolic pulmonary hypertension. Eur J Med Res. 2013; 18: 16-
783X-18-16.

2009. American Heart Association. Ejection fraction heart failure measurement.
Available at:
http://lwww.heart.org/heartorg/Conditions/HeartFailure/SymptomsDiagnosisofHea
rtFailure/Ejection-Fraction-Heart-Failure-

Measurement_ UCM_306339_Article.jsp. Accessed May 30, 2014.

210. Borlaug BA, Paulus WJ. Heart failure with preserved ejection fraction:
Pathophysiology, diagnosis, and treatment. Eur Heart J. 2011; 32: 670-679.

211. Ashley EA NJ. Chapter 4, understanding the echocardiogram. In:
Cardiology explained. Remedica; 2004: Chapter 4.

212. Mielniczuk LM, Lamas GA, Flaker GC, et al. Left ventricular end-
diastolic pressure and risk of subsequent heart failure in patients following an
acute myocardial infarction. Congest Heart Fail. 2007; 13: 209-214.

213. Hussey LC, Hardin S, Blanchette C. Outpatient costs of medications for
patients with chronic heart failure. Am J Crit Care. 2002; 11: 474-478.



133

214, Metra M, Giubbini R, Nodari S, Boldi E, Modena MG, Dei Cas L.
Differential effects of beta-blockers in patients with heart failure: A prospective,
randomized, double-blind comparison of the long-term effects of metoprolol
versus carvedilol. Circulation. 2000; 102: 546-551.

215. Packer M, Poole-Wilson PA, Armstrong PW, et al. Comparative effects of
low and high doses of the angiotensin-converting enzyme inhibitor, lisinopril, on
morbidity and mortality in chronic heart failure. ATLAS study group.
Circulation. 1999; 100: 2312-2318.

216. FitzGerald RJ, Meisel H. Milk protein-derived peptide inhibitors of
angiotensin-I-converting enzyme. Br J Nutr. 2000; 84 Suppl 1: S33-7.

217. Friedman JM, Halaas JL. Leptin and the regulation of body weight in
mammals. Nature. 1998; 395: 763-770.

218. Tilg H, Kaser A. Gut microbiome, obesity, and metabolic dysfunction. J
Clin Invest. 2011; 121: 2126-2132.

219. Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI.
Obesity alters gut microbial ecology. Proc Natl Acad Sci U S A. 2005; 102:
11070-11075.

220. Camara RJ, Ziegler R, Begre S, Schoepfer AM, von Kanel R. Swiss
Inflammatory Bowel Disease Cohort Study (SIBDCS) group. The role of
psychological stress in inflammatory bowel disease: Quality assessment of
methods of 18 prospective studies and suggestions for future research. Digestion.
2009; 80: 129-139.

221. Mawdsley JE, Rampton DS. The role of psychological stress in
inflammatory bowel disease. Neuroimmunomodulation. 2006; 13: 327-336.

222. Sudo N, Chida Y, Aiba Y, et al. Postnatal microbial colonization programs
the hypothalamic-pituitary-adrenal system for stress response in mice. J Physiol.
2004; 558: 263-275.

223. Kappelle PJ, Dullaart RP, van Beek AP, Hillege HL, Wolffenbuttel BH.
The plasma leptin/adiponectin ratio predicts first cardiovascular event in men: A
prospective nested case-control study. Eur J Intern Med. 2012; 23: 755-759.

224, Deswal A. Obesity, leptin, and incident heart failure. J Am Coll Cardiol.
2011; 58: 1878-1880.

225. Hsieh FC, Lee CL, Chai CY, Chen WT, Lu YC, Wu CS. Oral
administration of Lactobacillus reuteri GMNL-263 improves insulin resistance
and ameliorates hepatic steatosis in high fructose-fed rats. Nutr Metab (Lond).
2013; 10: 35-7075-10-35.



134

226. Cani PD, Osto M, Geurts L, Everard A. Involvement of gut microbiota in
the development of low-grade inflammation and type 2 diabetes associated with
obesity. Gut Microbes. 2012; 3: 279-288.

2217. Sanchez M, Darimont C, Drapeau V, et al. Effect of Lactobacillus
rhamnosus CGMCC1.3724 supplementation on weight loss and maintenance in
obese men and women. Br J Nutr. 2014; 111: 1507-15109.

228. Norata GD, Raselli S, Grigore L, et al. Leptin: Adiponectin ratio is an
independent predictor of intima media thickness of the common carotid artery.
Stroke. 2007; 38: 2844-2846.

229. Rauchhaus M, Doehner W, Francis DP, et al. Plasma cytokine parameters
and mortality in patients with chronic heart failure. Circulation. 2000; 102: 3060-
3067.

230. Heymans S, Hirsch E, Anker SD, et al. Inflammation as a therapeutic
target in heart failure? A scientific statement from the translational research
committee of the heart failure association of the European society of cardiology.
Eur J Heart Fail. 2009; 11: 119-129.

231. Lorea Baroja M, Kirjavainen PV, Hekmat S, Reid G. Anti-inflammatory
effects of probiotic yogurt in inflammatory bowel disease patients. Clin Exp
Immunol. 2007; 149: 470-479.

232. Kim SO, Sheikh HI, Ha SD, Martins A, Reid G. G-CSF-mediated
inhibition of JNK is a key mechanism for lactobacillus rhamnosus-induced
suppression of TNF production in macrophages. Cell Microbiol. 2006; 8: 1958-
1971.

233. Yoon HS, Ju JH, Lee JE, et al. The probiotic Lactobacillus rhamnosus
BFE5264 and Lactobacillus plantarum NR74 promote cholesterol efflux and
suppress inflammation in THP-1 cells. J Sci Food Agric. 2013; 93: 781-787.

234. Parasuraman S, Raveendran R, Kesavan R. Blood sample collection in
small laboratory animals. J Pharmacol Pharmacother. 2010; 1: 87-93.

235. Xing HC, Li LJ, Xu KJ, et al. Protective role of supplement with foreign
Bifidobacterium and Lactobacillus in experimental hepatic ischemia-reperfusion
injury. J Gastroenterol Hepatol. 2006; 21: 647-656.

236. Javadov S, Baetz D, Rajapurohitam V, Zeidan A, Kirshenbaum LA,
Karmazyn M. Antihypertrophic effect of Na+/H+ exchanger isoform 1 inhibition
is mediated by reduced mitogen-activated protein kinase activation secondary to
improved mitochondrial integrity and decreased generation of mitochondrial-
derived reactive oxygen species. J Pharmacol Exp Ther. 2006; 317: 1036-1043.



135

237. Gan XT, Rajapurohitam V, Haist JV, Chidiac P, Cook MA, Karmazyn M.
Inhibition of phenylephrine-induced cardiomyocyte hypertrophy by activation of
multiple adenosine receptor subtypes. J Pharmacol Exp Ther. 2005; 312: 27-34.

238. Velraeds MM, van der Mei HC, Reid G, Busscher HJ. Inhibition of initial
adhesion of uropathogenic enterococcus faecalis by biosurfactants from
Lactobacillus isolates. Appl Environ Microbiol. 1996; 62: 1958-1963.

2309. Yeganegi M, Leung CG, Martins A, et al. Lactobacillus rhamnosus GR-1-
induced IL-10 production in human placental trophoblast cells involves activation
of JAK/STAT and MAPK pathways. Reprod Sci. 2010; 17: 1043-1051.

240. Schillinger U, Lucke FK. Antibacterial activity of Lactobacillus sake
isolated from meat. Appl Environ Microbiol. 1989; 55: 1901-1906.

241. Flynn S, van Sinderen D, Thornton GM, Holo H, Nes IF, Collins JK.
Characterization of the genetic locus responsible for the production of ABP-118, a
novel bacteriocin produced by the probiotic bacterium Lactobacillus salivarius
subsp. salivarius UCC118. Microbiology. 2002; 148: 973-984.

242. Carrier L, Boheler KR, Chassagne C, et al. Expression of the sarcomeric
actin isogenes in the rat heart with development and senescence. Circ Res. 1992;
70: 999-1005.

243. Miyatake S, Manabe-Kawaguchi H, Watanabe K, Hori S, Aikawa N,
Fukuda K. Prostaglandin E2 induces hypertrophic changes and suppresses alpha-
skeletal actin gene expression in rat cardiomyocytes. J Cardiovasc Pharmacol.
2007; 50: 548-554.

244, Chien KR, Knowlton KU, Zhu H, Chien S. Regulation of cardiac gene
expression during myocardial growth and hypertrophy: Molecular studies of an
adaptive physiologic response. FASEB J. 1991; 5: 3037-3046.

245, Sanders ME. Probiotics: Definition, sources, selection, and uses. Clin
Infect Dis. 2008; 46 Suppl 2: S58-61.

246. Jones ML, Martoni CJ, Prakash S. Cholesterol lowering and inhibition of
sterol absorption by Lactobacillus reuteri NCIMB 30242: A randomized
controlled trial. Eur J Clin Nutr. 2012; 66: 1234-1241.

247. Reid G. Safety of Lactobacillus strains as probiotic agents. Clin Infect Dis.
2002; 35: 349-350.



136

Appendices

Appendix 1. Copyright agreement from the American Heart Association for the
manuscript published in Circulation: Heart Failure

e American

AHA Journals N i

Home + Subscriptions + Feedback +« Help + Circulation Journals Home + AHA Journals Home
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Appendix 2: Animal use protocol approval from the Animal Use Subcommittee of the

University Council on Animal Care

AUP Mumber: 2013-031
PI Name: Karmazyn, Morris
AUP Title: Heart Failure
Approval Date: 06/13/2013

Official Notice of Animal Use Subcommittee (AUS) Approval: Your new Animal Use
Protocol (AUP) entitled "Heart Failure” has been APPROVED by the Animal Use
Subcommittes of the University Council on Animal Care. This approval, although valid for
four years, and is subject to annual Protocol Renewal.2013-031::1

1. This AUP number must be indicated when ordering animals for this project.

2. Animals for other projects may not be ordered under this AUP number.

3. Purchases of animals other than through this system must be cleared through the ACVS
office. Health certificates will be required.

The holder of this Animal Use Protocol is responsible to ensure that all associated safety
components (biosafety, radiation safety, general laboratory safety) comply with institutional
safety standards and have received all necessary approvals. Please consult directly with
your institutional safety officers.

Submitted by: Copeman, Laura
on behalf of the Animal Use Subcommittee
University Council on Animal Care



Appendix 3. Statistical analysis results for NVCM experiments

ANOVA results: Controls

Cell size (um?)

16 | Tukey's MuRiple Comparison Test Mean DIl |q Significant? P < 0057 Summary 5% Cloramm

[ [ ——— 2104 178 NO ns BT R

18 | comtrolve MRS Brom 1733 2682 NO ns 102010 4485

C Y [ ——— a7 3158 Yes - T00w-2194

L S —————— TEY] 642t Yes - £3370-1382

FI Iy — &717 03521 No ns 4043102609

I p— 7502 1064 Yes = 105280 ~4436

P [P — %539 3% Yes - 9100-3163

U | psssremees £330 9553 Yes - -33450-3515

25 | 3A%S Bromus PE + MRS Brom 537 7448 Yes - 923810-2496

B | pe\sPE + MRS Brom =] 1.366 No ns -2052W0 3973

7

Cell size (Fold change)
1€ | Tukey's MuRiple Comparison Test MeanDI |g Significant? P < 0.057 Summary  |95% Clofart
” 17 | 2214 =S Brom 0003463 |0120¢ No ns 02957 003126

18 | zzqwes 033 613 Yes - 06572001138
19 | gR-1wPE + MRS Brom 03231 4598 Yes - -06272 0 -0.01901
F I Yy —_— 033 6273 Yes - 066631001223
2 | =5 Bromve PE + MRS Brom 0316|4718 Yes - 06357 0002747
22 | pEs PE + MRS Bron 006274 09330 No ns 020931003343
ka3
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ANOVA results: CMPG10200

Cell size (um?)

16 | Tukey's MuRiple Comparison Test MeanDE |q Sigfica? P <0057  |Summary | 95% Clofam

17 | RS Brom s PE + MRS Brom 4053 6262 Yes = £725W-1407

18 | JRs Broms PE + CMPG10200 6776 1212 No ) -1612%02%3

19 | MRS Bromwe PE + CMPG10200PCM 3291 0.58% No ns 196102619

2 | RS Bromvs PE + CMPG10200 celis 695 1250 No s 159102963

21 | pE 4 )RS Bromve PE + CMPG10200 s 6416 Yes flas 171607775

22 | pE 4 MRS Brom e PE + CMPG10200 PCM 4597 5945 Yes = 135307426

23 | pE + MRS Brot s PE + CMPG10200 c2lis 4766 6.445 Yes — 173707796

24 | pE + CMPG10200v8 PE + CMPGI0200PCI | -34.36 05269 No " -305.3% 236.1

25 | pE+ CMPG10200vs PE + CMPG10200cells | 2094 003165 No " -263302730

2 | P+ CMPG10200 PCM 18 PE + CMPG10200 c2llf .95 0553 No s 234003079

-~ L]

Cell size (Fold change)
18 | Tukey's MuRiple Comparison Test MeanDi. |g Significa? P <0057  |[Summary  |95% Clofomr
17| =3 srome 2 + RS Brom 03338 5508 Yes - D 000773
18 | )RS Bromve PE + CVPG10200 003523 | 09851 [ e 016221002927
13 | wRS Bromvs PE + CMPG10200PCM 005323  |09436 No s 0.1842% 02907
20 | )RS Brom e PE + CMPG10200 colis 0.05581 08345 No [ 01816002933
21 | pE + MRS Brom s PE + CMPG1200 03891 75% Yes = 017231006053
2 | pE + MRS Bromvs PE + CMPG10200PCM 0.3570 75% Yes = 0.1702%0 06033
2 | pE + MRS Broms PE + CMPG10200 celis 038% 786 Yes s 01723 05064
24 | pe s CMPG10200vs PE + CMPG10200PCM | -0002043 | 0.04470 No ne 0.1959%0.1918
25 | pe s CMPG10200vs PE + CMPG10200celis | 00005332 (001168 [No s 019331001942
2 | pE + CMPG10200 PCM s PE + CMPG10200 celid 0002581 [00563¢ | No ns -0.1913%0.1965
-~ 1
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ANOVA results: 299v & K12

Cell size (um?)

140

16 | Tukey's MuRiple Comparison Test Men DIt |g Significant? P <0057  |Summary | 95% Clofom
17 | »aRS Bromvs PE + MRS Brom -430 6422 Yes = -747.00-138.0
18 | RS Bromve PE + GR-1 on 05122 o ns -E1SnME2
19 | MRSBromwePE+KI2 8020 1.040 No ns 420102587
2 | )RS Brom s PE + 299V £773 005780 No [ ECRTETT
2 | pE .+ )RS Brom Vs PE + GR-1 4352 31 Yes = 22007485
2 | pE + MRS Bromvs PE + K12 @23 5250 Yes - 538206655
B | PE + MRS Bromve FE + 209V 493 6521 Yez - 145807533
U | pE+GRIGPE+KIZ 1224 1775 No [ 4% 401816
B | pE+GR-1wPE+ 290V 3545 0313 No [ -3394 02685
% | pE+K12vE PE+ 299V 5 1128 No [ 252910 42%5
a7
Cell size (Fold change)
1€ | Tukey's Mumiple Comparison Test MenDIL |g Significan? P <0057 |Summary | 95% Clofal
17 | )RS Srom s S + MRS Brom -0.3025 4330 Yes e -05515 %0 -0 02360
1B | RS Sromve PE + GR-1 0.1260 2103 No m -0.1407 0 0.3927
19 | pRsSEmwPE +Ki2 0.1403 2085 No s 01579004385
D | =S Bom e P + 200V 01350 2016 No s 016321004332
21| £+ MRS Brom s BE + GR-1 04285 778 Yes - 01835 0 06735
22 | e+ )RS Brom e PE 4+ K12 04423 7.070 Yes = 016301007218
B | oz + MRS Brom s PE + 299V 0437 623 Yes - 01555 0 0TIES
U | pEs+CR-1BPE+KI2 001432 02390 No ns 02524002810
B | pzscR1weEs W Q00205¢ 01512 No ) 02577002758
% | pz+xizmrE+ 209 Q0sé1  |00TEsT [N = A R0SD
ANP
16 | Tukey's Multiple Comparison Test Mean DI q Signfica? P <0057  |Summary  [9S% Clofarr
17 | MRS Brom e PE + MRS Bron -1.049 6930 Yes - -163510 03995
18 | RS Bromve PE + 299y 07725 5149 Yes : 0123480 1.422
19 | \RS Bromwe PE + K12 0.4055 2920 No ne 0.1854 %0 1.007
2 | oz + MRS Bromve PE + 2990 182 11.3% Yes = 1127902515
2 | oz + MRS Brom Ve PE + K12 1454 953 Yes - 0.8050%0 2.103
2 | pE+ 200 PE+KI2 ©.3%70 2446 No " -1.016% 0.2822
aSKA
16 | Tukey's Mukiple Comparison Test Msan DIt q Significant? P <0057  |Summary  |95% Clofair
17 | MRS Brom s PE + MRS Brom -1.307 3853 Yes - -183810-06763
18 | )5S Brom s PE + 200y 06740 463 Yes B 00442910 1.305
19 | =3 Enme PE + K12 05083 3767 No ns 00755510 1.092
2 | Pz + )RS Eronvs PE + 299y 1582 1272 Yes = 130310265
21 | pg 4 )RS Brom e BE + K12 1315 1245 Yes = 118502445
2 | pE 4+ 29906 PE +Ki2 1666 1.143 NO % L7972 10 04640




ANOVA results: GR-1

Cell size (um?)

16 | Tukey's MuRiple Comparison Test MenDIT g Signifcan? P <0057  |Summary  [95% Clofal
17 | MRS Broms PE + MRS Bron 431 |78 Yes = 6701 -199.1
18 | 1455 Bromie PE + GR-1PCM 7347 1113 No s 2113103532
15 | MRS Bromus PE + 4D GR-1 PCM ny 0578 |Ne % 22682653
B | 153 Brom e PE + GR-1 POM Fltrate 5747 1080 ) % 176502914
21 | \RS Brom e PE + GR-1 Retertate s 057% No ns 165103119
2 | pE 4 MRS Bronve PE + GR-1 PCM 5055 6730 Yes - 181918312
B | pE 4 1RS Broms PE + HD GR-1PCM o 1% Yes - 183307456
U | Pz 4 1IRS Brom e PE + GR-1 PO Filrate 1205 758 Yes - N940TT
B | pE 4 )RS Bromve PE + GR-1 Retentate 903 7080 Yes - 1826107520
B | pE + GR-1PCM VS PE + HD GR-1PCM -4210 05504 No ns -363%02826
I | pE+GR-1PCME PE + GR-1 PO Fllrate -16.00 02128 No n =407 3087
B | pe .+ GR-1PCMIE PE + GR-1 Retetae 457 (0200  |No n 358303238
2 | pE+HDGR-1PCMS PE+ GR-1PCM FiRrate | 2611 Q4008 No L] 255103073
W | PE + HD GR-1PCI V8 PE + GR-1 Retezte %% 0.3813 No ns 2719103246
3 | pE+GR-1PCM Fitrates PE + GR-1 Retertatie. |0253¢ |0003685 | No % 28002885
Cell size (Fold change)

16 | Tukeys MuRiple Comparison Test MenDI |g Sigifican?P <0057  |Summary  |95% ClofalT

11| y"S B0 e P + MRS Brom Q455|545 Yes - 0718310009174

18 | yRSErom e PE + GR-1PCM Q0547 06645 No ns 0416510 0.3082

19 | yRSErom e PE + HD GR-1PCH Q2% (308 No "% 05467 00.1015

M | RS Eronve PE + GR-1PCM Flkraie Qs |48 No % 05019001483

21| VRS Brom e PE + GR-1 Retetate Q17 [167 No s 04567002112

2 | pe 4+ )RS Bromve PE + GR-1PCM Q351 sem Yes - 003757 10 06652

B | pE + MRS Bromve PE + HD GR-1PCM 0182 30% No s 00358010 04516

U | pE + MRS Brom e PE + GR-1 PCM Filrate 0z7s  |37es No % 004095 10 04955

B | pr+ RS Bromis PE + GR-1 Retentate 0278 (4310 NO ns 0.008701 10 03642
% | pe40R-1PCN G BE £ KD R BCM Q1635 230 No ™) 0492510 0.15%

| pE+GR-1PCM & PE + GR-1 PCM Filrae Q12%  [1635 No m Q4477 10 0.2005

B | pe 4 GR-1PCM VG PE + GR-1 Rstertae 0078|0565 No n 04126002653

B | pE+HDGR-PCMBPE+GR-1PCMFIrze (00435 [OTI8 (Mo % 0235810 0.3255

W | pE 4+ HD GR-1PCM S PE + GR-1 Rgtentte 008t [1416 No % 0209003925

N | pEsgR-1PCN e PE 4+ GR-1 Retermte (004038 [OTE3 (No ™) 02T 003477
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ANOVA results: GR-1 (cont)

16 | Tuker's Mukiple Comparison Test Mean DI a SN P <0057 | Summary | 95% Clofol

1T | =S Bromie 55 + MRS Brom -1339 1963 Yes . 2537001410
18 | 135 Broms PE + GR-1PCM (30ul) 02943 1153 No ) 0841500 1.431
19 | RS Brom e P + GR-1 FOM (5 uL) Q0742 01 |No s 1245101150
2| RS Brom e PE + HD GR-1PCM 04129 1679 No ) -1.5065 %0 0.6805
21 | yiRS Bromve PE + Tryp GR-1 PCM 207 713 Yes - 33000782
2 | pe 4 MRS Brom s PE + GR-1PCM (30uL) 1634 §39 Yes = 0487202770
B | pE 4 MRS Brome PE + GR-1PCM (5ul) 1291 FE ] Yes . 00933510 2489
U | pE + MRS Brom s PE + HD GR-1 PCM 09258 3764 No ™ 0167612019
25 | pE 4 MRS Brom s PE + Tryp GR-1 PCM Q732 253 NO % 203110 0.5565
B | pE+GR-1PCM (30ul) 18 PE + GR-1PCH (5ul) | 03422 1339 No n 1478107941
1 | pE+GR-1PCM (S0ul)EPE+HD GR-1PCM | 07077 3067 No [ -1733% 03180
B | pE+GR-1PCM (S0ul) B PE+ TR GR-1PCM  |-2371 3519 Yez - 360 N-113
B | pE+GR-1PCM(5ul)BPE+HDGR-1PCM | <0365 1486 No s -1459% 07279
W | P+ GRA1PCM(Sul)BPE+THOGR-1BCH |20 6970 Yes - 33200733
31 | PE + HD GR-1 PCM 8 PE + Tryp GR-1PCM 1663 6172 Yes - 2861 10-0.4553
16 | Tukey's MuRipie Comparison Test Mgz DIt z ST P <0057 | Summary | 95% Clofol
1T | )RS Brom e P + MRS Brom 307 5970 Yes - 22531003457
18 | RS Brome PE + GR-1 PCM (0ul) 04517 2715 No n 028501224
15| 1R5 Bromie PE + GR-1PCM (5 ul) 004111 02028 |No s 08483008311
2| RS Bromve PE + HD GR-1 PCM 01751 00483 |No s 063731009875
| &S Brom v PE + Tro POV 02603 1181 No m 12221007005
2 | oz 4 )RS Brome PE + GR-1PCM (50 uL) 1775 928 Yes - 0935602614
B | pE+ RS Brom Vs PE + GR-1PCM (ul) 1343 6153 Yes - 0386502308
U | pE + )RS Bromvs PE + HD GR-1PCM 1482 7312 Yes - 05921902372
5 | pE+ VRS Bromie PE + Tro PCM 1048 4470 Yes - 001343002074
% | pE+GR-1PCM (50 ul) Ve PE + GR-1PCM (Sul) |-04266 247 No L] -1.183%0 0.3297
W | pE+GR-1PCM (S0ul)\PE+HDGR-1PCH  |-02525 1237 No ns -09550% 0.3707
B | pE+GR-1PCM (500l) V8 PE + Tro PCM 07285 3813 No " -1.563%0.1105
B | pE+CGR-1PCM (ul)EPE+HDGR-1PCH  |01340 07241 No s 0675410 09464
3 | pE+GR-1PCM (5L) V& PE + Trp PCM Q3019 1379 No " -126310 06534
M | pe 4D GR-1PCME PE + Trp PCM 04359 2151 NO n -1.326 0 04541
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ANOVA results: PCM

Cell size (um?)

16 | Tukey's MuRiple Comparison Test MeanDm g Signmean? P <0057  [Summary |95k Cioram

W | p2 .+ WAS Bromvs PE + 50wl GR-1 5779 9783 Yes = 3908518

18 | pE + MRS Bromue PE + 20 ul GR-1 us2 7573 Yes = 17420722

19 | pE + MRS Bromvs PE + 10 ul GR-1 4838 7582 Yes - 174707228

A | pE + WRS Brome PE + 5 ul GRA1 3845 6497 Yes - 110506585

21 | pe + MRS Brolvs MRS Bron 5092 7270 Yes = 1850108334

2 | p£ + RS Brome PE + GR-1 Calis 5376 6770 Yes - 170009052

23 | pE + MRS Brohvs PE + HK GR-1 Cells 5330 7610 Yes - 2088103572

A | pE + 50 ul GR-1V8 PE + 20 ul GR-1 -1296 2449 NO s 74701155
5 | pE+ 300l GR-1GPE+ 10ul GRA1 -1281 2439 No s 374210 1160
2 | P+ 350l GR-1U8PE + 5 ul GR-1 1933 3652 No s 438455
2 | pE+350uL GR-1vs MRS Brom 6369 1059 No s 339102315
2 | pE + 50 ul GR-15 PE + GR-1Cells -0z 05378 NO s BT )
B | o2+l GR1VGPE+ KGR el |- 06226 No " 5102553
3| PE + 20 ul GR-118 PE + 10 ul GR-1 05167 0009758 [No " 2ULEW2USE

N | pE+20ul GR-1v6 PE +5ul GR-1 6371 1203 No n 308310 1814
32 | pE +20 L GR-1v5 MRS Brom €093 02393 NO s 239203611

3 | pE+20ul GR-1v6 PE + GR-1 Cells 2935 1194 No s 2572104360
M | PE + 204 GR-18 PE + HX GR-1 Calls 8472 1.307 No n 215403849

35 | pE+10ul GR-1vPE+ 5 ul GR-1 522 1213 No 3 -309.310 1309
% | PE+ 10l GR-1v5 MRS Brom 6042 09318 No L 23970 3606

5 | PE+10uL GR-1vPE+ GR-1Cells 3554 1187 No 3 257804354

B | pe 4104l GR-118 PE + HX GR-1 Calls un 1289 No L -216.0%0 3844

33 | pE 45wl GR-1vs MRS Brom 1246 1922 No ™ 1755104243

4 | pE+5ul GR-1vEPE+ GR-1Calls 1531 204 No e 1335104897

41 | pE 45wl GR-1ve PE + MK GR- Calls 1434 2289 No " 51704486
42| )RS Brom s PE + GR-1 Calls 8B4 0.33% No ) -359.10 4159

4| MRS Brom e PE + FKGR-1 Cells 378 03177 No " 322303704

4 | pE+GR-1CelE\E PE + HX GR-1 Calls -4639 0.05542 No % -352.1%0 3829

Cell size (Fold change)

16 | Tukey's Mukipie Comparisan Test MemDE |q SigMcP P <0057  |Summarny | 95% Clofal
17| P2+ RS Brom e PE + 30 ul GR-1 05945 9.200 Yes = 0.3000% 0.5891
18 | pE+ MRS Brome PE + 20 ul GR-1 04535 70% Yes - 0.159010 0.7450
19 | P2+ MRS Brome PE + 10ul GR-1 04476 6994 Yes = 0.1531% 07422
D | pe 4+ MRS BromE PE 4 5 ul GRA 03718 5810 Yer - 00772810 06663
2| pE + MRS Brom v MRS Bron 03971 5185 Yes E 0041811007523
2| pE+ RS Brom e PE + GR-1 Celle 03305 4930 Yer - 00252810 0.7357
B | PE+ MRS Bromve PE + HX GR-1 Cellis [F 3623 No s 007555 0 06349
2 | pE 450l GR-1v8 PE + 20 L GR-1 01411 2312 No s 04219900139
25 | PE+50ul GR-1V8 PE + 10l GR-1 01468 2407 No ns Q47T 001338
% | pE+50uL GR-11EPE + 5 ul GR-1 QT |36% No s 05035 10.0.05503
| PE+350ul GR-1v MRS Brom 01974 2642 No n 05413001465
2 | pE+ 50 ul GR-1v6 PE + GR-1Cells 02141 2864 No " 055500 0.1299
n PE + 50 ul GR-1v6 PE + K GR-1 Calis 03148 4213 No n 06558 10 0.02905
| PE + 20 ul GR-16PE + 104l GR-1 0005837 |009%66  |No " 02857 L0270
M| PE+ 20Ul GR-11PE + 5 0l GRA1 Q05167 1333 No s 0325001221
32 | P + 20 ul GR-118 MRS Brom 00%% 07541 No " 04003 0 02876
3| PE+20ul GR-115 PE + GR-1 Cells Q0720 |0gTee No s 04169002709
M | pE+20ul GR-115 PE + MK GR-1 Calis 01738 23% No [ QS17T B A1701
¥ | PE+10uLGR-11EPE + 5 Ul GR-1 Q0758 128 No s 03566 10 02050
¥ | o2+ 10w GR-118 MRS Bon 005052 |06760 No s 03984102938
3 | pE+10ul GR-118 PE + GR-1 Celis QOTIS 08985 No s 04111002768
B | pE+ 10wl CR-115 PE + HK GR-1 Calis -0.1680 2248 No " 05119001758
3 | pE+ 3.l GR-11e MRS Eron 002531 03387 No s 03186 00,3592
| P45yl GR-118 PE + GR-1 Calls 0008634  |0.1162 No ) 03352003525
M| pE+ 5L GR-11EPE + FKGR-1 Calls Qmne 128 No s Q431002518
42 | =S Brom e PE + GRA1 Calis 001663 01927 No e Q4138003308
| MRS Brom e PE + HK GR-1 Cells Q.175 1.361 No n 05146002757
4| pE 4+ GRA1 Colls v PE + HK GR-1 Celle -0.1008 1163 No " 0495010 02963
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ANOVA results: PCM (cont)

] t test
||
1 | Taoke Anatyzed ANP analysls (GR-1 Cells)
2 Colum E PE + GR-1Cells
3 L] w
& Column F FE + S GR-1Calls
B
€ Unpaired thest
REE 03549
L B uzioe summary n
9 | Are means signit amerent? (P <0.05) No
10 One- or two-talied P wake? Two-Blied
" Lar T=1.045 gt=4
16 |Tukey's MuRiple Comparison Test Mean O q Significa? P <0057  |Summary  |95% Clofom
17| RS Brom e PE + MRS Bron -1.069 5420 Yes - 1921001765
18 | JaRS Brom s PE + GR-1 03783 2112 No [ 0429210 1.185
1 | yaRS Brome PE + GR-1 Cells 007739 0.4000 NO ns 09496 10 0.7945
2 | =S Erone PE + FK GR-1 Cells 02291 1.184 No n -1.101 10 0 6431
21 | pE + MRS Brom vs PE + GR-1 1427 7375 Yes = 0554702299
22 | pE 4+ )RS Sromvs PE + GR-1 Cells 09712 16% Yes - 0.03884 10 1.904
B | pE 4+ MRS Brom s PE + HK GR-1 Celis 081% EEC No ns -01128% 1.752
2 | pE + GR-1v8 PE + GR-1 Celis 04557 2355 NO [ -1.32810 0.4165
25 | pE 4+ GR-118 PE + =K GR-1 Celis 06073 3138 No n -1.480 10 02648
2 | P2+ GR-1Colis e PE + HK GR-1 Calls 01517 07333 No ns -1.084 10 0.7807
aSKA
-5 ttest
A
i Table Analyzed 3-SKA analysis (GR-1 Celis)
2 |(CoemE PE + GR-1Cells
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Ettinger G, Burton JP, Reid G. If microbial ecosystem therapy can change your life,
what’s the problem? Bioessays. 2013; 35: 508-512

Recently in press

Prospects & Overviews

If microbial ecosystem therapy can
change your life, what’s the problem?

Grace Ettinger”?, Jeremy P. Burton”? and Gregor Reid"??"

The increased incidence of morbidity and mortality due to
Clostridium difficile infection, had led to the emergence of
fecal microbial transplantation (FMT) as a highly success-
ful treatment. From this, a 32 strain stool substitute has
been derived, and successfully tested in a pilot human
study. These approaches could revolutionize not only
medical care of infectious diseases, but potentially many
other conditions linked to the human microbiome. But a
second revolution may be needed in order for regulatory
agencies, society and medical practitioners to accept and
utilize these interventions, monitor their long term effects,
have a degree of control over their use, or at a minimum
provide guidelines for donors and recipients.

modern life and medical science. First, its necessity illustrates
the failures of treatments, in this case antibiotics, long
accepted as standard medical practice and for which the
search for alternatives has been met with apathy until
recently. Second, it reflects the recent interest in the power
of the microbiome and shows dramatically how complete
transplantation of a set of well-established organisms in
one person can result in benefits to another. Third, it, along
with administration of a feces-based bulk microbiota [2],
represents the most dramatic application of probiotics to date.
Fourth, the process forces one to reflect on nature and history,
leading to the realization that coprophagy has been practiced
for centuries, often by animals extracting vitamins, minerals
and proteins from the excrement, but also by the Bedouin who
ate fresh, warm camel feces as a remedy for bacterial dysentery
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Gan XT, Ettinger G, Huang CX, et al. Probiotic administration attenuates myocardial
hypertrophy and heart failure following myocardial infarction in the rat. Circ Heart Fail.
2014; 7: 491

Original Article

Probiotic Administration Attenuates Myocardial
Hypertrophy and Heart Failure After Myocardial
Infarction in the Rat

Xiaohong Tracey Gan, MSc: Grace Ettinger, BSc: Cathy X. Huang, MD;
Jeremy P. Burton, PhD: James V. Haist, BSc; Venkatesh Rajapurohitam, PhD:
James E. Sidaway, PhD; Glynn Martin, BSc: Gregory B. Gloor, PhD;
Jonathan R. Swann, PhD; Gregor Reid, PhD, MBA: Morris Karmazyn, PhD

Background—Probiotics are extensively used to promote gastrointestinal health, and emerging evidence suggests that their
beneficial properties can extend beyond the local environment of the gut. Here, we determined whether oral probiotic
administration can alter the progression of postinfarction heart failure.

Methods and Results—Rats were subjected to 6 weeks of sustained coronary artery occlusion and administered the probiotic
Lactobacillus rhamnosus GR-1 or placebo in the drinking water ad libitum. Culture and 16s rRNA sequencing showed
no evidence of GR-1 colonization or a significant shift in the composition of the cecal microbiome. However, animals
administered GR-1 exhibited a significant attenuation of left ventricular hypertrophy based on tissue weight assessment and
gene expression of atrial natriuretic peptide. Moreover, these animals demonstrated improved hemodynamic parameters
reflecting both improved systolic and diastolic left ventricular function. Serial echocardiography revealed significantly
improved left ventricular parameters throughout the 6-week follow-up period including a marked preservation of left
ventricular ejection fraction and fractional shortening. Beneficial effects of GR-1 were still evident in those animals in
which GR-1 was withdrawn at 4 weeks, suggesting persistence of the GR-1 effects after cessation of therapy. Investigation
of mechanisms showed a significant increase in the leptin:adiponectin plasma concentration ratio in rats subjected to
coronary ligation, which was abrogated by GR-1. Metabonomic analysis showed differences between sham control and
coronary artery ligated hearts particularly with respect to preservation of myocardial taurine levels.

Conclusions—The study suggests that probiotics offer promise as a potential therapy for the attenuation of heart failure.
(Circ Heart Fail. 2014:7:491-499.)

Key Words: cardiomegaly m heart failure ® microbiota m probiotics
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