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Chapter 1  

1 General Introduction 

1.1 Focus of this thesis  

Overactive bladder (OAB) and urinary tract infection (UTI) are common conditions that 

affect millions globally and have similar symptom presentations1,2. While these diseases are 

quite different, they may share a common link. Urgency urinary incontinence (UUI) is a 

symptom of both, where the patient feels an urgent need to urinate regardless of bladder 

fullness and is rarely associated with the presence of uropathogenic bacteria. Adenosine 

triphosphate (ATP), which is a known biomarker for UTIs, plays a significant role in bladder 

regulation3,4. Current treatments for UUI and UTI fail to reduce extracellular ATP (eATP) 

impact on the host. Bladder-associated potentially pathogenic bacteria and the urothelium 

release ATP, which affects the uroepithelium and may be responsible for several bladder 

symptoms5. Even when an infection is not present, bacterial strains in the urinary microbiota 

can release ATP and potentially contribute to UUI5.  

The release of ATP during the growth and establishment of infection by uropathogenic 

bacteria may act as a virulence factor, triggering Ca2+ influx and smooth muscle contraction 

through purinergic signaling 5,6. Purinergic signaling by ATP can regulate and control 

bladder contraction thus creating a favorable environment for the bacteria by disrupting host 

shedding and clearance of infection. Additionally, ATP release can potentially cause a 

reduction of antimicrobial and bacteriocin production by commensal organisms that inhibit 

Escherichia coli and reduce infectivity7–11. In theory, decreased bacteriocin production could 

limit environmental competition, further enabling the establishment of infection. 

Lactobacillus crispatus ATCC 33820 and Lactobacillus gasseri KC-1, when co-cultured with 

E. coli IA2, lower the level of eATP, suggesting that these strains can potentially consume 

ATP from culture5. Addressing the higher levels of eATP in the bladder environment with 

lactobacilli uptake could reduce UUI and UTI symptoms previously unaddressed.  

The goal of this project was to build a greater understanding of the role that eATP plays in 

urogenital infections and explore the potential of a microbial therapeutic approach via a 

prebiotic-probiotic application to reduce the effects of that ATP on the host. This work builds 
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upon our previous studies5 and continues to focusing on L. crispatus ATCC 33820 and L. 

gasseri KC-1 to reduce the high levels of ATP released during uropathogenic bacterial 

growth. It is hypothesized that a greater understanding of this unique interaction could lead to 

better management of UUI and UTI related symptoms. 

1.2 Microbial role in bladder health 

1.2.1 Human microbiota 

The human microbiota is the entire collection of microorganisms that have colonized the 

human body12; microbiome describes abiotic and biotic factors, including environmental 

factors and microorganism genomes13. The microbiota consists of commensal, opportunistic 

pathogens and pathogenic microorganisms, which vary based depending on the body site. 

The microbiota can influence susceptibility to infectious disease, and the host-microbiome 

interaction can impact infection outcomes12. Commensal members of the microbiota aid in 

host resistance against infectious microorganisms through pathogen inhibition and 

exclusion14,15. The microbiota plays a crucial role in host-infection interaction and 

therapeutic modulation of the microbiome with probiotics, and prebiotics can treat and 

prevent infectious diseases.  

1.2.2 Bladder microbiota and its protective role 

The bladder and urinary tract above the distal urethra in females were considered sterile until 

2011 when a microbiota was characterized16,17 but this microbiota has not been considered 

when addressing urological conditions. Since then, studies have found that the urinary 

microbiota differs substantially between healthy and diseased individuals18. The urinary 

microbiome differs between sexes, with females having greater abundance of Lactobacilus 

and Prevotella and males having greater Streptococcus presence19. Studies of the bladder 

microbiota are limited due to the differences in the bladder and urethra microbiota. The 

standard sampling method of voided urine does not accurately capture the bladder 

microbiota, and the ideal method of catheterized urine is more invasive and less 

accessible19,20. 
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Despite the anatomical isolation of the bladder and vagina, they share an interconnected 

urogenital microbiota, distinct from the gastrointestinal microbiota21,22. The bladder and 

vagina have highly similar microbial compositions that include commensal and pathogenic 

microorganisms22. A healthy urogenital tract has a unique microbiota that is dominated by 

Lactobacillus spp.23–25. Lactobacilli dominance is essential to a healthy urogenital 

microbiota; the most common species are Lactobacillus crispatus, Lactobacillus gasseri, 

Lactobacillus iners, and Lactobacillus jensenii23,24,26. The urogenital microbiota composition 

(type and abundance) is impacted by age, hormones27, environmental, and external factors 

(antibiotics, birth control, intercourse, etc.)28. During sexually contracted infections, there is a 

depletion of Lactobacillus; specifically, L. crispatus29. Interconnectivity of the bladder and 

vaginal microbiota could mean that similar Lactobacillus loss occurs during infection of the 

bladder, leading to an imbalance and increasing infection susceptibility. Decreased diversity 

of the microbiome and/or decrease of lactobacilli abundance in the urogenital tract results in 

a higher risk for urogenital infections18.  

1.2.3 Probiotics  

Probiotics are defined as live microorganisms that, when administered in adequate amounts, 

confer a health benefit on the host30. Health Canada acknowledges several bacterial species 

as being associated with probiotic properties: Bifidobacterium (adolescentis, animalis, 

bifidum, breve and longum), Lactobacillus (acidophilus, gasseri, johnsonii, and salivarius) 

and Lacticaseibacillus (casei, fermentum, paracasei, rhamnosus, and plantarum)31.* All 

these species have been relatively well studied and are generally thought to confer health 

benefits30. However, this does not account for strain differences within the same species, and 

strains should be designated when calling a product probiotic.  

Probiotic strains can positively impact the host through enhancing the epithelial barrier, 

temporarily adhering to the intestinal mucosa, inhibiting pathogen adhesion, competitively 

excluding pathogens, modulating the host immune system and producing anti-microbial 

substances, amongst other potential mechanisms30,32,33. However, probiotic mechanisms of 

                                                 

*The genus Lactobacillus was split into 25 genera including the embedded genus Lactobacillus in April 2020137 
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action are generally assessed at the strain level, and while many share certain positive 

attributes, no single strain has every known probiotic feature. 

Strains used as probiotics have been extensively characterized to produce an array of anti-

microbial substances that contribute to their probiotic effect, including lactic acid, acetic 

acid, formic acid, phenyllactic acid, benzoic acid, other organic acids, short-chain fatty acids, 

hydrogen peroxide, carbon dioxide, acetaldehyde, diacetyl, acetoin, bacteriocins and 

bacteriocin-like inhibitory substances, and others34. Bacteriocin production may be a critical 

beneficial trait in probiotics as these compounds allow competition in the diverse microbial 

community35. Bacteriocins are typically anti-microbial peptides released by a broad range of 

bacteria during the stationary phase, inhibiting or killing similar or closely related bacteria. 

Thus, bacteriocin production by probiotic strains may function in several ways to aid in host 

immunity: facilitating a producer's introduction into an established niche, inhibiting invading 

competitive or pathogenic strains, or modulating the microbiota composition35. In addition, 

anti-microbial molecules, both bacteriocins and others released from probiotic strains, are 

believed to directly inhibit a range of pathogenic bacteria and aid in the competitive 

exclusion of pathogens in the human microbiome36.  

1.2.4 Prebiotics  

The idea of prebiotics originated from a study on carbohydrate consumption, which 

positively impacted lactobacilli in the microbiota37; this study showed that diet could impact 

and modify the microbiota. Prebiotics were described in 1995 as "nondigestible food 

ingredients that beneficially affect the host by selectively stimulating the growth and/or 

activity of one or a limited number of bacterial species already resident in the colon, and thus 

attempt to improve host health" 38. The idea of supplementing diets to promote healthy 

microbiomes has since focused on substrates targeted to Bifidobacterium and Lactobacillus 

to build on the probiotic concept, though prebiotics may impact a much broader range of 

beneficial microorganisms39. "Dietary prebiotics" are currently defined as "a substrate that is 

selectively utilized by host microorganisms conferring a health benefit". This effect can 

occur in the gut or elsewhere39.  
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Prebiotics are mainly fructans (fructooligosaccharides (FOS) and inulin) and galactans 

(galactooligosaccharides or GOS), as they specifically promote Bifidobacterium and 

Lactobacillus but not pathogenic microorganisms40. Recently human milk oligosaccharides 

(HMOs) have also been classified as prebiotics39,41,42, and consumption leads to higher levels 

of Bifidobacteriaceae and Bacteroidaceae43. Unlike most dietary fibres, which promote a 

broader range of microorganisms, prebiotics specifically enhance health-promoting 

microorganisms. 

1.2.5 Probiotic and prebiotic roles in the female urogenital tract 

Consumption of probiotics can impact and modify the vaginal and bladder microbiota to 

increase the level of commensal microorganisms44, creating an unfavourable environment for 

pathogenic bacteria45. Consumption of probiotics Lacticaseibacillus rhamnosus GR-1 and 

Limosilactobaillus reureri RC-14* can help shift an unhealthy vaginal microbiota, leading to 

significant increases in lactobacilli and reduction of pathogenic microorganisms while 

actively taking an oral probiotic46. Prebiotics could be used to supplement probiotics, orally 

or topically, and stimulate health-promoting species already present in the urogenital tract. 

However, there is limited research on this combination in urogenital environments. Many 

probiotic products include species of lactic acid bacteria (LAB), Bifidobacterium and 

Lactobacillus. The probiotic activity of LAB in the vaginal environment is primarily due to 

lactic acid excretion, which reduces pH (≤4.5), making it an inhospitable environment for 

most pathogenic bacteria47. The production of antibacterial molecules such as bacteriocins 

and hydrogen peroxide also makes them an ideal urogenital probiotic35,48. Anti-microbial 

molecules, both bacteriocins and others released from many lactobacilli strains, can inhibit 

uropathogenic E. coli (UPEC) and reduce colonization of uroepithelial cells48,49. Despite the 

strong evidence to suggest a probiotic lactobacilli treatment can effectively limit urogenital 

infections, there are very few targeted probiotic strains currently available and further clinical 

studies are needed50.  

                                                 

* Both bacteria have been reclassified from Lactobacillus rhamnosus GR-1 and Lactobacillus reureri RC-14137. 
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1.3 Urogenital tract and diseases  

1.3.1 Urogenital tract  

The urogenital tract includes all organs in the reproductive and urinary system (Figure 1-1). 

The normative female reproductive system includes the ovaries, fallopian tubes, uterus, and 

vagina; the normative male reproductive system includes the testicles, duct system, seminal 

vesicles, prostate gland and penis. The urinary system includes the kidneys, ureters, bladder, 

and urethra. Females and males share the same urinary system, however, individuals with 

shorter urethras (generally females) are at greater risk for bladder infections.51 

1.3.2 Functional anatomy of the urinary system 

The upper urinary tract consists of the kidneys and ureters, while the lower urinary tract 

contains the bladder and urethra18. Kidneys produce urine which travels through the ureters 

to the bladder; when the bladder is full, the smooth muscles in the wall tighten and expel 

urine through the urethra. Three main layers make up the bladder wall; urothelial, lamina 

propria, and muscularis propria (detrusor) (Figure 1-1). The urothelium, the interior lining, is 

a mucosal layer of transitional cells inside of the bladder. The lamina propria is a thin layer 

of connective tissue containing blood vessels, nerves and glands, surrounding the urothelium. 

Finally, the outer layer comprises three smooth muscle layers responsible for the contraction 

and relaxation of the bladder.  

The interior layer of the bladder was initially thought of as just a barrier to separate the 

bacteria and interior bladder environment from the lower nerves and smooth muscle tissues. 

It is now understood that the uroepithelial (urothelium) layer acts as a mechanosensory 

conductor, transmitting physical and chemical signals from the bladder to the underlying 

layers52. Uroepithelial cells express numerous receptors/ion channels that release 

neurotransmitters into the lumen propria to excite the associated nerves and lower muscular 

tissues53. Similarly, the urothelial cells can receive neurotransmitters from the nerves in the 

lumen propria. As the bladder fills, it distends, stretching the urothelium and inducing the 

release of neurotransmitters to regulate bladder contraction: ATP 52, acetylcholine (ACh)53 

and nitric oxide (NO)54. The response to physical and chemical stimuli and release of 
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signaling molecules by the urothelium demonstrates that it is vital in regulating nerve and 

bladder function and not simply a barrier as it was once thought55.  

 

Figure 1-1. Female and male urogenital tract. The reproductive tract and urinary tract 

together make up the urogenital tract. The urinary tract structures are the same regardless of 

sex, and the male urethra is typically longer. The reproductive system is closely located to 

the urinary tract, and the male urethra is part of both. The bladder wall constructing the 

outside is divided into three distinct layers. Created with BioRender.com 
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1.3.3 Bladder physiology  

The bladder has two phases: urine storage and urine voiding. Bladder filling and urine 

storage occur at low pressure while the bladder is relaxed and internal and external sphincters 

are contracted. The sympathetic nervous system controls the storage phase; the 

norepinephrine-releasing hypogastric nerve triggers relaxation of the smooth muscles and 

engages the external sphincter56. The internal sphincter is constantly engaged and requires 

internal pressure to releases56. As the bladder volume increases, the pressure triggers stretch 

receptors in the urothelium, leading to nerve signaling bladder fullness and the need for 

release52,56. Disruption to the storage phase often results in lower urinary tract symptoms, 

including urgency, frequency, and urge incontinence56. Urine voiding requires simultaneous 

contraction of the bladder and relaxation of the urethra and internal sphincter. When the 

bladder is full, the urothelium signals the parasympathetic nervous system through ACh, 

activating the parasympathetic motor neurons, which contract the smooth detrusor muscles, 

causing increased pressure which releases the internal sphincter. Simultaneously the somatic 

motor neurons inhibit the external sphincter allowing urine to pass through. ATP and other 

neurotransmitters released by the nervous system, urothelial cells, or bacteria within the 

bladder environment trigger smooth muscle contractions57,58. Disruption of the voiding phase 

is associated with hesitancy, weak stream, feeling of incomplete bladder emptying and post-

urination leakage56. In a healthy bladder, these phases allow controlled storage and release of 

urine; however, physical and psychological disorders can disrupt signaling and lead to 

bladder dysfunction and disease56.  

1.3.4 Urinary tract diseases and disorders  

Many conditions affect the bladder: bladder dysfunction, UTI, bladder stones, incontinence 

(urge, stress, functional, overflow, mixed), interstitial cystitis, cystitis, neurogenic bladder, 

OAB, cancer and asymptomatic bacteriuria. Many of these conditions present with similar 

symptoms such as nocturia, frequency, dysuria, urgency, incontinence, hesitancy, straining, 

weak stream, abdominal pain, intermittency, incomplete emptying and postmicturition 

dribbling. Over half of individuals presenting with lower urinary tract symptoms are 

misdiagnosed with UTI when they have OAB due to the high similarity of symptoms59. 

Bladder problems can affect both sexes or be specific to females or males. Individuals with 
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uteruses can develop bladder problems due to shorter urethras, pregnancy and childbirth, 

pelvic floor weakening, trauma or injury, or menopause. Individuals with prostates face 

bladder problems associated with prostate health and disease. Both sexes experience an 

increased frequency of bladder diseases due to ageing, infection, blockages of the urinary 

tract, chronic coughing, constipation, and obesity2. Nervous system injury or disease, 

including Alzheimer's, stroke, Parkinson's, multiple sclerosis, spinal cord injury, diabetes and 

anxiety, can negatively impact and damage bladder nerves and muscles. With many urinary 

tract diseases and disorders, there is a shift in the urinary tract microbiome60. The urinary 

microbiome changes observed with infection or insult could be addressed with probiotics, 

prebiotics and dietary intervention to help revert the microbiome to a healthy state.  

1.3.4.1 Overactive bladder 

OAB is a complex of symptoms, UUI, frequency, and nocturia, characterized by unstable 

bladder contractions. OAB is a disruption of the storage phase due to the involuntary 

contraction of the smooth muscles of the bladder. The predominant symptom of OAB is UUI, 

the sensation to urinate regardless of bladder fullness1. This condition is frequently 

undertreated and underreported1. Globally, OAB affects 1.5-36.4% of populations, 10% in 

Canada61, with prevalence depending on age and sex62. The economic burden of OAB in 

America in 2020 was $82.6 billion and is estimated to increase as the population ages57. 

Individuals suffering from OAB often have decreased quality of life, lower work 

productivity, and higher anxiety and depression63.  

There are several treatment options for OAB, including fluid management, behavioural 

modification, bladder training, pelvic floor exercises, drug therapy, neuromodulation and 

surgery; however, treatments are often unsatisfactory64. The goal behind treatment is to 

improve the quality of life for the patient as there is no cure, only symptom reduction. 

Behavioural therapy is the most common course of treatment followed by pharmacological 

administration; mainly antimuscarinics65 which limit ACh binding to muscarinic receptors51. 

Unfortunately, there is no truly effective drug treatment; those available have very low 

efficacy, and the side effects generally deter long-term use64.  
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Despite active research and drug development, there has been limited improvement in 

treatment. There is no set definition of 'failure' or 'success' in a patient suffering from OAB, 

as how the treatment impacts the patient's quality of life varies greatly and cannot be 

standardized. Responses to treatments are also widely impacted by comorbidities, drug 

metabolism, concurrent therapies and more. These factors are not always obvious and make 

it hard to determine if a treatment will be successful in an individual patient. A greater 

understanding of what causes the symptoms could result in new and more successful ways to 

address OAB.  

1.3.4.2 Urinary tract infections 

UTIs are among the most common infectious conditions globally, mainly impacting females 

and the elderly – UTI prevalence increases with age. There are approximately 150 million 

cases annually worldwide, with 50% of females and 5% of males contracting a UTI in their 

lifetime2, and they cost over $6 billion world wide66. Most commonly, UTIs are caused by 

bacteria, predominantly UPEC strains67,68. Risk factors for UTIs include sexual intercourse, 

previous UTIs, new/multiple sexual partners, urethral length, certain birth control types, and 

menopause69,70. Many are caused by the ascension of pathogens from the rectum along the 

perineal skin and then through the vagina or directly up the urethra to the bladder. 

Symptomatic UTIs present with malodorous urine, abdominal pain, dysuria, frequency and 

urinary urgency71.  

There are four different types of UTIs, dependent on infection location: urethritis (urethral 

infection), cystitis (lower urinary tract), urethritis (ureter infection due to blockage or 

infection migration), and pyelonephritis (an infection spread to the kidneys or from a urinary 

tract blockage resulting retrograde flow of infected urine). An infection involving the urethra 

and bladder is termed a lower UTI, while an infection of the ureters or kidney is an upper 

UTI. Most UTIs are uncomplicated lower tract infections, occurring in otherwise healthy, 

non-pregnant, pre-menopausal individuals with a normal functioning urinary tract. 

Complicated UTIs are associated with catheters, blockages, and functional abnormalities, 

resulting in increased colonization and decreased efficacy of therapy. Recurrent UTI occurs 

after a previously documented infection has been resolved, when an individual has two or 

more infections in 6 months or three or more infections in 12 months72,73. Healthcare-
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associated UTIs are the most common form of hospital-acquired infections72 and lead to 

more prolonged hospitalizations, increased morbidity and mortality69.  

A UTI is diagnosed with clinical presentation of symptoms and urine microbial evaluation. 

To identify the causative pathogen and suggest an ideal treatment both urinalysis and urine 

culture with sensitivity should be used; however, immune markers in urine alone are often 

used to identify infection in clinic74. Treatment is determined based on infection and severity 

of symptoms, as well as any predisposing host factors. Uncomplicated and complicated UTIs 

are often treated with hydration and antibiotics, removal of any obstructions in the urinary 

tract, and catheter removal or replacement74,75. Antibiotic treatment is often empirical before 

proper diagnosis had been acquired. The drug selection should depend on the infection 

location (urethra, bladder, ureter or kidney), which pathogen is believed to be responsible for 

the infection, and if there is any drug resistance74–76. The most commonly used antibiotics are 

trimethoprim/sulfamethoxazole, nitrofurantoin, fosfomycin, cephalexin and ceftriaxone. 

Frequently, fluoroquinolones are prescribed as a first choice instead of being reserved for 

more serious cases.  

The majority of orally ingested antibiotics are highly concentrated in the urine, making them 

highly effective at clearing bacteria from the lower urinary tract. When kidney tissues are 

infected, antibiotics that can penetrate the tissue are needed77. Though antibiotics effectively 

treat UTIs, they can disrupt the vaginal microbiome for up to 6 months resulting in a reduced 

Lactobacillus population and increased uropathogenic presents in the urethra78. Individuals 

who experience recurrent UTIs often require suppressive antibiotic therapy, long-term 

prophylaxis or post-coital prophylaxis. Increased risk of side effects associated with long-

term antibiotic use makes this a less ideal treatment73. Intravaginal estrogen can be used in 

postmenopausal individuals to reduce recurrent UTI risk which is associated with thinning 

vaginal epithelium and a tendency for dysbiosis73. The research on non-antibody prophylaxis 

options is limited; however, Lactobacillus probiotics79,80, methenamine81, cranberry 

polyphenols82 and D-mannose83–85 are sometimes added to treatments and can be beneficial 

in the prevention of UTI.  
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1.3.5 Urgency urinary incontinence 

Urinary incontinence (UI), defined as involuntary loss of urine86, is a common symptom 

associated with bladder and pelvic floor dysfunction. There are three primary types of UI: 

stress UI (SUI), urgency UI (UUI) and mixed UI (both SUI and UUI); SUI is the involuntary 

loss of urine on effort or physical exertion or on sneezing or coughing (activity-related UI); 

UUI is the involuntary loss of urine associated with urgency86; urgency is the complaint of a 

sudden compelling desire to pass urine which is challenging to control87. UUI is potentially 

caused by physiological disruption of the detrusor muscle in the bladder wall and/or muscles 

in the pelvic floor, which leads to leaking and the urgency sensation88. Abnormal 

neuromuscular signaling and/or function of the bladders storage and voiding phase also leads 

to UUI; this can be chronic and is poorly understood88. This symptom can occur in males and 

females. In males, it is more frequently associated with prostatic enlargement or damage than 

muscle dysfunction as in females88. The symptom is frequently defined as only present in a 

'non-infected’ bladder87; however, UUI can result after or during a UTI61, meaning it can be 

seen in an infective environment16,17,89. The specific global impact and economic burden of 

UUI is hard to ascertain due to the overlap of UI conditions and OAB patients; however, 

millions of individuals suffer the effects of UUI, and the economic burden is substantial62. As 

the current population ages, there is a projected increase in UUI prevalence and UUI 

associated comorbidities62.  

Treatment of associated conditions often address UUI. If treatment does not impact the UUI 

symptom, it could be considered chronic and require further lifestyle changes or surgery90. 

With chronic UUI, the goal tends to be symptom reduction rather than complete resolution; 

treatment to decrease symptoms is unique to the patient and their lifestyle88. Similar to OAB, 

treatments target lifestyle changes, timed voiding, bladder training, weight loss, and fluid 

optimization91. There are pharmacological treatments for UUI, however, they fail or are 

unsatisfactory in approximately half of the patients65. Lifestyle changes often give the best 

result when dealing the chronic UUI, as long as the patient is willing to work with their 

clinical team88. Microbiota disruption is commonly found in individuals suffering from UUI, 

suggesting bacteria may play a significant role89. Further research is needed to understand the 
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overlap and role that UUI plays in UTI and OAB and the role of microorganisms in UUI 

symptoms.  

1.3.6 Establishment of UTI 

Uncomplicated UTI is predominantly caused by E. coli, Klebsiella pneumoniae, Proteus 

mirabilis, Enterococcus faecalis and Staphylococcus saprophyticus92. As noted above, 

bacteria are introduced to the urinary tract from the rectum, peritoneum, sexual intercourse, 

or some forms of birth control (Figure 1-2). Adherence to host cells through flagella and pili 

appears important for the establishment of bacterial infection93. Upon introduction to the 

urinary tract, bacteria migrate up the urethra towards the bladder. At the bladder, bacterial 

flagella, pili and adhesins promote colonization and bind directly to the bladder epithelium. 

During infection, UPEC strains can reside in fusiform vesicles within urothelial cells to avoid 

elimination with voiding and re-emerge during distention of the bladder55. Host inflammatory 

responses to infection of the urinary tract include neutrophil infiltration to clear extracellular 

bacteria. However, bacteria can evade the immune response through biofilm formation, host 

cell invasion and morphological modification. Immune evasion allows further bacterial 

multiplication and infection progression. Bacteria produce toxins and proteases to damage 

host cells and release nutrients which promote bacterial survival92. Damaged bladder 

epithelial cells will shed off, exposing bacteria hiding in the wall and aiding in bacterial 

clearance during voiding. Cell shedding, in part, explains how some UTIs self-resolve 

without antibiotics. When the bladder distends with urine and during storage, remaining 

bacteria thrive in the nutrient-rich environment. From the bladder, bacteria can migrate up 

the ureters towards the kidneys92, where they can infiltrate and damage the renal epithelium 

and easily cross the tubular epithelial barrier and access the bloodstream, causing bacteremia.  

In a complicated UTI, the introduction of bacteria and urethra migration are similar; 

however, the bladder, ureter or kidney must be compromised. Catheter placement and stones 

induce a host response, resulting in fibrinogen accumulation, ideal for fibrinogen-binding 

proteins expressed by pathogens92. When there is an obstruction, biofilms on medical devices 

or epithelia shield bacteria from neutrophils, antibiotics, and other stressors while promoting 

growth92,94. Biofilm formation is common in uropathogenic bacteria, especially in 

complicated UTIs associated with catheters and other obstructions2,95. 
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Several virulence factors contribute to UPEC strains effectively establishing a UTI. 

Expression of type 1 pili plays a role in binding to the epithelium with tip adhesin FimH, 

binding to mannose epitopes and paucimannosdic glycans conjugated to uroplakin Ia. Once 

bound, bacteria can invade cells96, where they multiply to form intracellular bacterial 

communities, avoiding host immune responses (outside and inside the cell), and antibiotics96. 

Upon bursting from the cell, the pathogens invade neighbouring cells and repeat the process. 

UPEC can also establish quiescent intracellular reservoirs, 4-10 non-replicating bacteria 

encased in F-actin, which can remain viable for months in lower transitional cells allowing 

reinfection92,96. While in the bladder, UPEC releases molecules to promote its survival and 

control its environment. Toxin α-hemolysin lyses cells through pore formation, causing 

shedding and releasing host nutrients and iron; siderophores scavenge iron and allow uptake 

into the bacteria92,96. Cytotoxic necrotizing factor 1 induces host cell anti-apoptotic and pro-

survival pathways to prevent apoptosis and further bacteria colonization92,96. Extracellular 

UPEC filamentous morphology can be modified, making the bacterium more resistant to 

neutrophil killing86. In the kidneys, pyelonephritis-associated p-pili bind globoside-

containing glycolipids on renal tissues, and the PapG adhesion tipping the pili modulates the 

host immune response to prevent opsonization and clearance. Cell adhesion, toxins, immune 

evasion, and intracellular colonization make UPEC strains ideal urinary pathogens. 
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Figure 1-2. Establishment of urinary tract infection. Uncomplicated UTI initiated after 

contamination of the periurethral area (1), colonization of the urethra and migration to the 

bladder (2). Expression of pili and adhesins allows colonization of urothelium umbrella cells 

(A). Bacteria work to evade immune response through host cell invasion (A-C) and biofilm 

formation (3). Adherent bacteria invade cells and are expelled back into the lumen or escape 

from the vesicle into the cytoplasm (B). Bacteria can replicate in the cytoplasm, burst out of 

the cell, invade adjacent cells, or create quiescent intracellular reservoirs that may seed 

further UTIs (C). Host inflammatory responses, including neutrophil infiltration (4), work to 

clear extracellular bacteria. If bacteria persist, they can produce toxins to damage host cells 

releasing nutrients to promote survival and ascension to the kidneys (5). Kidney colonization 

and tissue damage initiated by bacteria (6), untreated this can progress further to bacteremia 

(7). Created with BioRender.com 
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1.3.6.1 Addressing bacterial infection  

As previously described, antibiotics are most frequently used to treat UTI of which most are 

broad spectrum. There are other methods that have been devised to reduce recurrent UTIs. 

These include modulation of host immune responses, interfering with UPEC adhesion to 

urothelial cells, preventing and disrupting biofilms, and limiting invasion into host cells. 

Several vaccines under development target UPEC specifically, allowing a heightened 

adapted immune response against the O-antigens97, siderophores98, surface antigen YncE99, 

and E. coli extract100; though currently, none are available for patient use. Estrogen 

supplementation targets vaginal epithelial thinning and can lower recurrent UTI rates in 

postmenopausal women96. Modification of the bladder pH with organic acids and vitamin C 

has a bactericidal effect further enhanced with methenamine which hydrolyzes formaldehyde 

and ammonia81,96. Polymeric phenolic proanthocyanidins (isolated from cranberries) can 

reduce P-fimbrial adhesion in vitro, but so far, cranberry extract studies do not support 

consistent UTI reduction96. Reducing adhesion by targeting and binding FimH with high 

levels of D-mannose in the urine prevents urothelial binding in vitro84,96, but again strong 

evidence is lacking that this can be effective clinically. Restoration of the urinary microbiota 

though supporting lactobacilli could be beneficial21. Probiotic strains show promise in 

reducing pathogen loads, stimulating the immune system and modulating the environment 

with hydrogen peroxide, surfactants, bacteriocin-like molecules and anti-adhesion 

molecules23,36,79,97,101,102. These treatments could potentially be used in conjunction with an 

antibiotic regimen to help treat and prevent UTIs. 

1.3.7 Disrupted urogenital microbiomes and bladder disease 

It is now appreciated that UUI and UTI are associated with imbalances in the urogenital 

microbiota89,103,104. Current treatments were not designed to protect the beneficial microbes 

nor to appreciate significant differences between the microbiota of healthy individuals and 

those with urological disease89,103. 

Comparisons of the urinary microbiome of women with UUI to those without showed a 

significant difference in abundance and frequency of bacteria89. In women with UUI, 

Lactobacillus abundance was lower, and L. gasseri was more common than L. crispatus89. 
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Gardnerella is associated with a disrupted microbiota, commonly found in women with 

bacterial vaginosis and individuals with UUI, but not in healthy individuals89. Uropathogenic 

species were also more frequently found in UUI patients89. However, it is unknown if this 

shift in microbiota contributes directly to UUI or is a result of the condition. The urogenital 

microbiota is also altered in patients with UTI and recurrent UTIs59,79. Not only do pathogens 

disrupt the microbiome, so too do antibiotic treatments resulting in pathogenic bacteria 

lingering for months78. More research is needed to understand the differences between 

urinary microbiomes in healthy and infected individuals, which could lead to better 

therapeutic options. 

1.3.8 Impact of eATP in the bladder 

It has long been recognized that ATP is a universal intracellular energy source involved in 

cellular respiration, metabolism and cellular processes. Beyond its role as an energy storage 

molecule, eATP is a known purinergic neurotransmitter6 that can modulate host nervous 

systems, host immunity, and acute and chronic inflammation105,106. Higher ATP levels are 

associated with several human bladder conditions, including UTI and OAB3,107,108. For over 

50 years UTI has been diagnosed by rapid test for ATP in urine3. The UUI associated with 

OAB could be triggered by high ATP concentrations stimulating the bladder epithelium at 

lower volumes1. ATP plays a crucial role in the bladder's neural and motor function through 

purinergic signaling6. Bladder stretching stimulates urothelial-derived ATP release, and as 

the bladder fills, the ATP levels rise, with the highest concentrations observed in a full 

bladder109. Uroepithelial and sub-urothelial cells purinergic (P2) receptors, ionotropic P2X 

and metabotropic P2Y receptors are responsible for urothelial ATP release in response to the 

increased levels of eATP110–113. In a healthy bladder, eATP binds P2X3 receptors to alert the 

bladder of fullness. In a patient with UUI, ATP levels in a reduced volume bladder are 

significantly higher and could trigger the urgency sensation109. Higher ATP concentrations in 

disordered bladders can impact bladder function, increasing urination frequency, inducing 

pain and full bladder sensations with lower volumes4,114. Blocking or knocking out the P2X 

receptor can reduce bladder symptoms caused by increased ATP levels114,115. Despite this, 

current treatments do not use ATP reduction or P2X blocking to address bladder conditions.  
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1.3.9 The role of calcium in the bladder 

Calcium (Ca2+) ions play a regulatory role in the contraction of the smooth detrusor muscle in 

the bladder wall116. In the urothelium, transient receptor potential (TVR) channels (TRPV1 

specifically) and purinergic receptors control intracellular Ca2+ concentrations and are 

sensitive to neurotransmitters such as ATP117. Neurotransmitter release and cellular processes 

can be regulated through Ca2+ influx and blocking ion channels inhibits neurotransmitter 

release. When the action potential is reached at a nerve terminal, voltage-dependent Ca2+ 

channels open, and the greater extracellular concentrations cause Ca2+ to enter the terminal. 

Following Ca2+ influx, there is a rapid release of neurotransmitters into the surrounding area. 

Purinergic receptors are triggered to release ATP by increased eATP levels, and with greater 

ATP there is an associated increase in intracellular Ca2+ leading to cellular depolarization (an 

excitatory phase)118. As bladder Ca2+ increases, sub-urethral parasympathetic postganglionic 

nerve terminals release neurotransmitters ACh and ATP, exciting cholinergic muscarinic 

receptors and triggering detrusor contraction and micturition118. Over activation of these 

pathways at lower urine volumes may be related to urgency conditions116. Potentially, Ca2+ 

channel antagonists, such as NO119, or GABA5 could be used to suppress and regulate 

contractions associated with increased urinary ATP.  

1.3.10 Bacterial release of neurotransmitters to regulate their 

environment  

The gut microbiota interacts with the host by releasing neuroactive molecules such as γ-

aminobutyric acid, serotonin, histamine, dopamine and norepinephrine120. These and other 

neurotransmitters can modify gut physiology and impact the nervous system and brain. Since 

the discovery of the urogenital microbiota, there has been minimal research on host-bacterial 

interactions; however, bacteria known to release neurotransmitters are found in the urogenital 

tract. The lower urinary tract connects to the pelvic parasympathetic nerves, lumbar 

sympathetic nerves and pudendal nerves117. Purinergic neurotransmission at these nerves can 

control smooth muscle contractions, and increased purinergic function can lead to unstable 

bladder conditions. Thus, neuroactive molecules produced by urinary microbes could 

similarly impact the bladder environment by interacting with the host nervous system.  
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Several studies have shown that bacteria release ATP into the extracellular environment 

during exponential and log phase growth121,122. As noted above, bacteria can also reduce 

eATP levels during growth5,122. During infection, the higher ATP levels in the urine can be 

attributed to bacteria, however there is also host release of ATP in response to bacterial 

ATP123. As a crucial lower urinary tract neurotransmitter, bacterial ATP could control 

smooth muscle contraction similarly to host ATP. Uropathogenic E. coli IA2 and 

Gardnerella vaginalis 14018 can trigger Ca2+ influx and smooth muscle contractions of 

myofibroblasts through purinergic signaling via extracellular ATP release5. Compared to E. 

coli IA2, G. vaginalis 14018 releases significantly more ATP5 which could contribute to 

urgency in OAB patients who have an uninfected bladder. However, certain lactobacilli can 

reduce ATP levels in media supplemented with bacterially relevant concentrations. 

Additionally, Lactobacillus supernatant can reduce smooth muscle contractions triggered by 

uropathogenic bacterial supernatant5.  

The release of extracellular ATP may be associated with bacterial cellular respiration. A 

study found that bacterial mutants without cytochrome bd oxidase release less ATP 

compared to wild-type124. Increased ATP release is seen in E. coli which has up to six bd-

type oxygen reductases, compared to lactobacilli which may have only one124. The difference 

in oxygen reductases suggests that they could play a role in the level of ATP bacteria can 

release. Another study demonstrated that glucose is essential for ATP secretion125. Taken 

together, these studies imply a potential causal link between cellular respiration, nutrient 

availability and ATP release/uptake. 

1.3.11 The potential role of eATP released by bacteria during infection, 

and detrusor muscle control in the bladder 

The role of ATP in bladder contraction and urgency symptoms has been well documented 

and understood. However, prior to work done in our lab, it has not been related to the 

urogenital microbiota. The association between bacteria releasing and uptaking ATP during 

growth, the known neuron interaction between microbiome and host, and the bacterial levels 

of ATP in urine suggest that bacteria could utilize ATP to modulate the bladder environment 

during infection. During UTI, uropathogenic bacteria could release neurotransmitters (ATP) 

to target the urothelium purinergic receptors. Bacterial ATP stimulates the release of host 
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ATP, increasing Ca2+, creating an energy potential that releases ACh and ATP in sub-

urothelial layers to target detrusor receptors and causes urgency and bladder contractions at 

low urine volume.  

1.4 Potential therapeutic use of lactobacilli against eATP  

1.4.1 Benefits of lactobacilli 

Lactobacilli play a crucial role in maintaining a healthy urogenital tract. When disease 

occurs, there is generally a reduction or shift of the dominant Lactobacillus species; with this 

change, the host loses the commensal benefits previously provided. The ability of lactobacilli 

to protect the host is multi-factorial126–128. 

In addition to previously identified probiotic benefits, lactobacilli may play a role in reducing 

ATP from the environment. When L. crispatus ATCC 33820 was co-cultured with 

uropathogenic E. coli IA2, lower levels of eATP were found, suggesting consumption of 

eATP5. The high levels of ATP released by E. coli IA2 appear to cause smooth muscle 

contractions through purinergic signaling, and L. crispatus ATCC 33820 supernatant can 

decrease these contractions5. Furthermore, Lactobacillus has been shown to have a cytotoxic 

effect on E. coli in vitro, suggesting that it produces a bacteriocin-like molecule to target and 

inhibit or kill the pathogen7,8.  

1.4.2 Host introduction of lactobacilli and prebiotics 

The ability to manipulate the urogenital microbiota and restore it to one associated with 

homeostasis is not a simple task. Introduction of a probiotic strain could be achieved via 

topical application (to the external distal urethra and vagina), oral consumption or a 

catheter46,129,130; a non-invasive method is preferred. Lactobacilli strains for urogenital tract 

health should be selected based on their ability to survive and grow at this interface and in 

urine, plus properties that allow them to interfere with pathogenic bacteria131. Both L. 

rhamnosus GR-1 and L. fermentum RC-14* are good candidates46,130,132, though others likely 

                                                 

* Reclassified to Lacticaseibacillus rhamnosus GR-1 and Limosilactobaillus reureri RC-14137. 
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exist. The addition of an appropriate prebiotic, such as lactulose133, may also promote 

recovery of the lactobacilli in the vagina and stimulate the probiotic strains46,84,134–136.  

1.5 Rational and hypothesis  

In summary, ATP plays a role in both healthy and diseased bladder states. Uropathogenic and 

bacteria associated with urogenital disorders release ATP during growth. Consequently, more 

studies are required on regulation and reduction of ATP in the bladder to address symptoms 

and provide relief to UTI and UUI patients. The ability of lactobacilli to reduce ATP might 

provide a means to limit pathogenic impact on the host and urogenital microbiome. It is 

hypothesized that Lactobacillus spp. can modulate extracellular ATP levels released by 

bacteria in a urinary environment. It is hoped that this thesis will add to our understanding of 

the role that eATP plays in urogenital infections and provide a path towards novel 

approaches to treatment and disease management.  
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