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Abstract 

Interstitial cystitis (IC) is a chronic bladder condition of unknown etiology characterized 

by pain and inflammation. This study examined the effects of oral phytosomal beta-

caryophyllene (BCP), a cannabinoid type 2 receptor agonist with local anaesthetic 

properties, in an experimental model of IC. Female BALB/c mice were pre-treated with 

BCP, then given lipopolysaccharide (LPS) intravesically. After 24 hours, behaviour was 

evaluated, intravital microscopy was completed, and bladder samples were collected. 

Oral phytosomal BCP significantly attenuated pain-induced behavioral changes, 

decreased leukocyte activation in the bladder microvasculature, and improved histology 

scores. Additionally, 5637 bladder epithelial cells were utilized to investigate BCP’s 

effects on LPS-induced inflammation in vitro. Although no significant changes in 

inflammatory mediator production were observed in the cell culture, changes in cytokine 

release kinetics cannot be excluded. Overall, oral phytosomal BCP effectively reduces 

pain and inflammation associated with experimental IC by decreasing leukocyte 

activation and extravasation in the bladder microvasculature.   
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Chapter 1: Introduction 

1.1 Interstitial Cystitis 

1.1.1 Definition, Symptoms, and Epidemiology 

 Interstitial cystitis (IC), sometimes referred to as bladder pain syndrome (BPS) or 

IC/BPS, is a chronic inflammatory disease of the bladder with unknown etiology. 

Symptoms of IC/BPS include increased urinary urgency and frequency, as well as chronic 

pelvic pain and nocturia [1,2]. Pain is described as a pressure or discomfort, and is 

especially important, as this pressure or discomfort increases as the bladder fills and 

drives urinary urgency [2]. The pain is typically located in the suprapubic area but can 

also be felt throughout the pelvis [1]. 

These symptoms must persist for at least six weeks before a diagnosis can be 

made [3]. Such a quick turnaround is unusual, as the mean time from first symptoms to 

diagnosis can range from 5-7 years [3,4]. Patients are typically diagnosed based on the 

symptoms above combined with exclusion of all other relevant diagnoses, including 

infection, urinary incontinence, cancer, endometriosis, non-infectious cystitis, vulvar 

disorders, overactive bladder, pudendal nerve entrapment, prostate-related pain, and 

pelvic floor disorders [1,3]. However, these conditions may also co-exist with IC/BPS, 

further complicating diagnosis [1].  

 Given the difficulties in diagnosing this condition, individual presentation varies 

between patients. IC/BPS can be broadly classified according to the presence or absence 

of ulcers called Hunner lesions, resulting in two subtypes: Hunner type IC (HIC) and 

BPS [5,6]. Hunner lesions are small red lesions on the bladder mucosa with abnormal 

capillary structure that cover scarring. They are visible by cystoscopy and are important 

diagnostically due to their association with symptom severity and resolution [6]. Recent 

sources indicate that HIC is the inflammatory phenotype of the disease, while BPS is 

typically non-inflammatory, although both forms have the characteristic urinary urgency, 

urinary frequency, and pelvic pain [7,8]. 

IC/BPS symptoms have a large impact on daily life. Painful symptoms make daily 

activities difficult, including work and personal relationships, in addition to having 

negative impacts on mental and physical health [3,9]. This leads to significantly worse 

quality of life overall for IC/BPS patients compared to non-diseased controls [9,10]. 
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IC/BPS patients also have reduced quality of life compared to patients with similar 

conditions like overactive bladder, vulvodynia, and endometriosis [3,11] . These 

reductions in quality of life were even more profound with the presence of a comorbid 

condition such as irritable bowel syndrome or fibromyalgia [10]. 

IC/BPS is often comorbid with other health conditions, including those involved 

in diagnosis, discussed above. In addition, IC/BPS patients are at a higher risk of so-

called functional somatic syndromes, which include but are not limited to conditions like 

fibromyalgia, chronic fatigue syndrome, and irritable bowel syndrome [12]. Symptoms of 

irritable bowel syndrome tend to begin around the same time as IC/BPS symptoms for 

patients with both diseases, while the onset of other commonly comorbid conditions tend 

to occur after symptom onset [13]. Beyond functional somatic symptoms, many IC/BPS 

patients have a history of urinary tract infections (UTIs). Women who had recurrent UTIs 

as children, especially UTIs that required antibiotics, are at increased risk for diagnosis, 

and up to 50% of patients have a history of UTI at the time of diagnosis [1,14]. 

Mental health conditions are also common among IC/BPS patients. Many IC 

patients score higher than healthy controls on measures of mental health-related co-

morbidities, including measures of depression and anxiety [15,16]. A recent systematic 

review found that depression rates were higher among patients with IC/BPS. The same 

was true of anxiety disorders. Patients were more likely to either have an anxiety disorder 

prior to diagnosis of IC/BPS or to develop an anxiety disorder after an IC/BPS diagnosis 

[17]. Given the variability in onset of mental health issues, it is unclear whether they 

occur in response to IC/BPS symptoms or whether they are the result of a common 

underlying factor for both conditions [13]. 

Beyond an IC/BPS patient’s usual symptoms, patients can also undergo periods of 

worsening symptoms called “flares”. These flares are often brought on by external factors 

associated with daily living like seasonal allergies and sex, as well as increased stress 

[5,18,19]. Many patients report that both exercise and sitting can trigger symptoms. Food 

triggers are also common, with one study reporting that 94.1% of patients had one or 

more dietary trigger(s) [19]. 

In line with the difficulties surrounding diagnosis and comorbidities, the statistics 

surrounding IC are also not well-defined. Approximately 90% of IC patients are female 
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[1]. However, it is not clear whether this is a true sex difference or if this condition is 

simply underdiagnosed in males. In fact, 2013 study estimated the prevalence of IC/BPS 

in men as 1.9-4.2%, which overlaps with the estimated prevalence of 2.70-6.53% in 

women [20,21]. There are also differences between sexes regarding when patients are 

diagnosed. A 2003 study found that the median age of IC diagnosis in females is age 

44.5, while for males that age rises to 71.5. Females had a shorter time to diagnosis and 

sought medical care fewer times before being diagnosed with IC compared to males [22].  

Beyond the impacts on the health and personal life of patients, IC/BPS also has a 

large impact on the healthcare system. IC/BPS treatment has an estimated economic 

impact of $20-40 billion per year in the United States [23]. These large costs are due in 

part to the lack of effective, long-term treatment options [24]. 

 

1.1.2 Pathophysiology 

Much is unknown about the exact pathophysiology of IC, but there are a number 

of key theories and findings surrounding the disease and its progression. There are 

important differences between HIC and BPS, likely owing to Hunner lesions and 

differences in inflammation. Overall, the disease is characterized by urothelial breakdown 

and a vicious cycle of damage in the bladder, as well as increased inflammatory 

mediators and processes, both of which lead to increased bladder sensitization and 

painful symptoms. The primary features of IC pathophysiology can be found in Figure 1. 

HIC shows distinct pathophysiologic features compared to BPS [6]. Clearly, the 

Hunner lesions are an important difference, but the inflammatory differences between 

these presentations are also important to note. Patients with HIC show significantly 

increased leukocyte infiltration and loss of epithelial tissue [8]. Specifically, B-cell 

expansion seems to be a distinct marker of this subtype [6]. Gene expression for 

inflammatory cytokines and nociceptors tends to be over-expressed in this group, and 

nitric oxide (NO) levels are upregulated [6,25]. These features combined with the fact 

that Hunner lesions correlate with symptom severity, and treatments targeting these 

lesions provide symptom relief, indicate the importance of Hunner lesions in diagnosis 

and disease characterization [6]. 
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Glomerulations are a frequently cited finding in IC/BPS disease states. These are 

the result of small submucosal hemorrhages found on the bladder wall and are typically 

observed after hydrodistension [26]. Although previously thought to be an important 

diagnostic feature, the number of glomerulations does not correlate with disease or 

symptom severity. In addition, they are commonly found in both healthy people without 

IC symptoms and other urological disorders, indicating that they are not an essential 

feature of the disease [6,26]. 

The role of the urothelium in IC/BPS is much more evident. The urothelium lines 

the lumen of the bladder and protects the underlying tissues from the contents of the 

urine, including ions, water and solute flux, toxins, and various pathogens [8,27]. 

Changes to the urothelium have been seen in both IC models and patients and include 

damage to the layers of glycosaminoglycans (GAG) chondroitin sulfate and mucins that 

cover the urothelium [5,8,27]. These changes are theorized to contribute to the symptoms 

of the disease by allowing solutes like urea and potassium to reach the neural or muscle 

layers of the bladder, including the afferent nerve endings that are found throughout the 

interstitium [5,28,29]. This exposure can activate the nerve endings, leading to pain 

sensations, and can also cause damage to the bladder [29]. In addition, potassium 

exposure leads to upregulation of sensory afferent nerves, which in turn leads to 

increased pain sensations and inflammation [5,30]. When the bladder is exposed to these 

contents long term, especially in the presence of inflammatory mediators, this can lead to 

lasting changes in nerve function [28]. Overall, urothelial breakdown leads to a vicious 

cycle that exacerbates the issues underlying IC/BPS symptoms. 

While this urothelial breakdown drives itself, expression of tight junction proteins 

is another important contributor. Tight junction proteins link the umbrella cells that make 

up the superficial layer of the uroepithelium and allow for solute exchange between cells 

while providing a barrier between distinct tissue areas [31]. IC/BPS patients show 

decreased expression of these proteins, which can lead to a “leaky” urothelium that more 

easily allows damaging substances to reach sensitive areas, accelerating the cycle of 

damage [28,29]. 

Urothelial breakdown leads to exposure of pain-sensing fibers, which is an 

important contributor to IC/BPS symptoms. C-fibers, which are nociceptive and 
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mechanosensory nerve fibers found in the urothelium and bladder submucosa, are also 

implicated in IC/BPS development [32]. These fibers are exposed after a bladder insult 

leads to uroepithelial damage and are then activated by a variety of stimuli, including 

potassium leaks into the bladder interstitium, neurotransmitter release, or histamine from 

mast cells [5,32]. Since the afferent nerves are exposed in IC/BPS, these nerves signal in 

a hypersensitive manner, leading to changes in urinary function [5]. These changes 

include increased and more prolonged pain sensations, especially in response to bladder 

filling, compared to a normal bladder [33]. In fact, in studies that examined the functional 

consequences of IC/BPS, patients felt pain and the urge to void at lower volumes than 

those without the disease [34].  

In addition to nerve exposure in the bladder, uroepithelial-neural interactions also 

contribute to IC/BPS symptoms. Urothelial cells release a variety of neurotransmitters, 

cytokines, and chemokines [7]. IC patients often have altered release of these substances, 

which indicates increased inflammation, but which is also theorized to contribute to 

involuntary bladder contractions [28]. For example, NO levels can be used to evaluate 

treatment response in IC patients, with a decrease in NO correlating with a decrease in IC 

symptoms [35]. Nerve growth factor and antiproliferative factor are also released in IC, 

leading to activation of submucosal afferent nerves and mast cells [36]. Antiproliferative 

factor further increases urothelial permeability by decreasing the expression of both tight 

junction and adhesion proteins, as well as by slowing the growth of urothelial cells 

[29,37]. In terms of pro-inflammatory cytokines, IC/BPS patients had higher levels of 

macrophage-derived chemokine and interleukin-4 in their urine when compared to 

controls [16]. These patients also show elevated levels of interleukin 6 (IL-6) in urine, 

which seems to be associated with more severe inflammation [36,38]. 

An increased number of mast cells and increased mast cell activation, especially 

in patients with HIC, is another common feature of IC [5,36]. This is thought to occur 

due to the increased cytokine production and increased sensory afferent nerve 

proliferation that result from urothelial damage, and contributes to a vicious cycle of 

urothelial damage, as the activated mast cells release more inflammatory and nociceptive 

mediators, leading to additional pain and inflammation [5,39]. Specifically, histamine has 

been identified as an important mast cell-released inflammatory mediator in IC 
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pathogenesis. Mast cells isolated from IC patients released more histamine in response to 

inflammatory stimuli and histamine levels are typically increased in IC patient bladders 

compared to controls [36,40]. This histamine release can lead to additional downstream 

processes, such as vasodilation, angiogenesis, and pain, as well as further urothelial 

damage, overactivity of the detrusor, fibrosis, and increased release of nerve growth 

factor [5,36]. 

Fibrosis is another indicator of inflammatory damage that can occur in IC/BPS, as 

it is the result of chronic, sustained inflammation. Fibrosis is an irreversible change that 

can lead to decreased bladder compliance and is often managed using surgery in IC/BPS 

patients [5]. IC/BPS patients with fibrosis have significantly reduced urinary capacity and 

significantly increased urinary frequency compared to IC/BPS patients without [41]. 

Interestingly, fibrosis is most often reported in BPS patients rather than HIC patients in 

those studies that differentiate by disease phenotype, which suggests that neurogenic 

inflammation is involved in BPS pathology [41,42].  

While not an infectious condition, microbes could still contribute to IC symptoms. 

Some studies have observed significant changes in the bladder microbiome in IC/BPS 

patients compared to healthy controls, including increased expression of certain bacterial 

genera and decreased overall diversity of species, but results vary widely [43]. For 

example, one study found that IC/BPS patients have less Lactobacillus acidophilus, a 

commensal antimicrobial microbe whose presence is inversely correlated with symptom 

severity of IC, while an earlier study found that bacteria in the Lactobacillus genus were 

actually increased in IC/BPS patients [16,44]. Other studies have found no significant 

differences in the IC/BPS urinary microbiome compared to controls [43]. Beyond the 

commensal microbes, infectious microbes should also be considered. The more frequent 

UTIs reported in IC/BPS patients can also lead to increased bladder sensitivity, although 

it is speculated that this could be due to a shared underlying cause for both conditions 

[14,45,46]. Evidently, the exact role of microbes in IC/BPS pathology remains unclear. 

Chronic stress seems to contribute to IC development, symptoms, and flares. 

Patients who experience more daily life stressors report more severe urinary urgency and 

pain compared to patients with lower stress levels [47]. There is evidence that this stress 

affects the nervous system, leading to a sympathetic nervous system-mediated pain called 
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“stress-induced hyperalgesia” that is thought to be caused by decreased descending 

inhibition [7,48]. Stress itself can also drive inflammation, for example by increasing 

expression of inflammatory cytokines [49], which further contributes to the cycle of 

bladder damage and pain. 

The ongoing inflammation along with persistent activation of pain-sensing fibers 

in the IC/BPS bladder can lead to central pain amplification. When neurons in the dorsal 

horn of the spinal cord are constantly activated, the spinal cord becomes hyperexcitable 

and pain persists even when the disease state or inflammation is resolved [5,7]. This 

phenomenon also seems to affect higher areas of the brain, as the parts of the brainstem 

and cortex that control memory, learning, and perception are affected by chronic pain [7]. 

In fact, IC/BPS is associated with changes in the white matter structure in the brain [50]. 

Overall, these structural changes lead to changes in how information is processed and 

could be a driving factor in IC/BPS patients’ perception of bladder filling and urinary 

urgency, as they are correlated with increased pelvic pain, more severe urological 

symptoms, and worse overall quality of life [50]. 

Cross-sensitization between various organ systems, especially the bladder and 

gut, could provide some link between the symptoms and processes discussed above. The 

bladder-gut-brain axis theory states that excessive stress leads to an increased response to 

normal stimuli for voiding, which could explain the increased urinary frequency seen in 

IC/BPS patients [51]. This concept also connects the symptoms seen in IC with common 

comorbidities like irritable bowel syndrome and chronic stress [52]. It is theorized that 

bowel issues like irritable bowel syndrome and lower urinary tract issues like IC are 

related in some capacity due to their similar symptoms, chronic nature, and resistance to 

treatment [42]. These shared features are purported occur due to the bladder-gut-brain 

axis, as well as C-fibers and the bowel microbiome [51].  
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Figure 1. Simplified mechanism of interstitial cystitis pathophysiology. 

Development of IC is driven by a cycle of damage. “Leaky” umbrella cells allow solutes 

from the urine to reach deeper layers of the urothelium. These solutes activate afferent 

nerve endings, which increases pain and sensitivity to filling, and over time leads to 

increase proliferation of these sensory nerves. Additionally, exposure to urinary solutes 

increases inflammatory cytokine release. Inflammatory cytokines activate immune cells 

like mast cells to increase their release of histamine, which in turn increases pain, 

inflammatory cytokine release, and overall inflammation. Inflammatory cytokines also 

increase expression of antiproliferative factor, which decreases the expression of tight 

junction proteins, further exacerbating the “leaky” urothelium. Created with 

BioRender.com.  
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1.1.3 Treatment  

Given the complications surrounding IC/BPS diagnosis and pathophysiology, 

treatment of this condition is also difficult. There is no cure, so treatments focus on 

controlling symptoms and increasing quality of life while minimizing side effects [1]. 

The exact treatment guidelines vary slightly from country to country, but the specific 

strategies employed will depend on disease subtype, symptoms, and patient willingness. 

Treatments vary from lifestyle changes to medications to surgery and are often combined 

for maximum symptom relief.  

First-line treatment typically starts with patient education and dietary 

modifications [1]. One study found that 50% patients who received advice and support 

around managing their disease showed significant improvement in their symptoms. The 

support included validating to the patient that they have IC/BPS, explaining the disease, 

encouraging water intake, discussing strategies to avoid constipation, providing 

information on an appropriate diet, discussing strategies to combat sexual dysfunction, 

discussing stress reduction strategies, and providing resources for additional support. 

These patients saw the most improvement when they implemented stress reduction 

techniques and were more careful about their diet [53]. Dietary changes include avoiding 

citrus fruits, tomatoes, spicy foods, carbonated and alcoholic beverages, coffee, tea, 

vitamin C, and artificial sweeteners [18]. 

In tandem with education and diet, bladder training to decrease the frequency of 

voiding is commonly used [1]. This has been shown to improve functional bladder 

capacity, increase the interval between voiding, and decrease the number of voids per 

day. Patients also found that it was an effective strategy, with 88% reporting at least some 

improvement in their symptoms [54]. 

Stress management techniques and psychological support are recommended as 

first-line treatments for the psychosocial-related symptoms of IC/BPS [1]. In addition to 

worsening symptoms of IC/BPS, untreated psychosocial co-morbidities like anxiety and 

depression can impact patient adherence to treatment [17]. These psychological 

treatments would typically be combined with other treatment strategies. For example, 

cognitive behaviour therapy combined with a patient’s normal IC/BPS treatment has been 

shown to improve anxiety and decrease perception of symptom severity [55]. 
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Various forms of physical therapy can also help IC/BPS symptoms, especially in 

patients who experience suprapubic tenderness. Physiotherapy and massage are 

recommended specifically for patients with pelvic floor dysfunction. Acupuncture can be 

beneficial, although it is unclear if the effect goes beyond placebo. Trigger point 

injections are sometimes used, but only for patients with trigger point pain [1]. 

While these less invasive first-line treatments can work for some patients, many 

patients require additional treatments on top of lifestyle changes. Pharmacological 

treatments for IC/BPS typically function via mechanisms that disrupt the cycle of 

damage, whether they target the urothelial GAG layer, block C fiber activation, modulate 

inflammation, or decrease pain [5]. These treatments are either taken orally or are 

administered directly into the bladder via a catheter, which is referred to as intravesical 

installation. A summary of commonly recommended pharmacological treatments can be 

found in Table 1. 

The only pharmacological treatments currently approved by Health Canada to 

treat IC/BPS are oral pentosan polysulfate (PPS) and intravesical dimethyl-sulfoxide 

(DMSO) [1]. PPS is a GAG replacement therapy that also has anti-inflammatory effects 

and is typically recommended for BPS over HIC [1,28]. However, evidence for its ability 

to improve symptoms varies, especially over time periods longer than a year [1]. Some 

evidence indicates that long term use of PPS can lead to pigmentary maculopathy, 

although a recent review indicates that this may be due to IC itself rather than PPS use 

[56,57]. In addition, patients may not see symptom relief until 6-9 months into therapy, 

and current guidelines indicate that most patients are unlikely to see significant benefits 

[1,58]. DMSO is a chemical solvent that has shown both anti-inflammatory and analgesic 

effects in patients and is recommended to manage the urinary-related symptoms of 

IC/BPS [1]. It is suspected to work by relaxing bladder smooth muscle, blocking nerves, 

and dissolving collagen that could otherwise lead to fibrosis in the bladder [59,60]. 

DMSO tends to have a strong taste and smell, which can be uncomfortable and 

sometimes intolerable for patients [61]. While DMSO is considered safe, pain during and 

following its instillation causes patients to discontinue use [1,62]. Clearly, while these 

medications can be effective for managing IC/BPS, there are gaps in their effectiveness 

that lead patients to seek other treatment strategies. 



 11 

There are a number of medications that are prescribed off-label to treat IC/BPS. 

For example, medications that target the nervous system, such as amitriptyline and 

gabapentin can be used. Amitriptyline is a tricyclic antidepressant that is commonly used 

to treat IC/BPS and is thought to work by blocking acetylcholine receptors and 

preventing reuptake of certain neurotransmitters, therefore dampening hyperactivity in 

the nervous system [63,64]. It is also known to decrease inflammation by blocking 

histamine H1 receptors [64]. Amitriptyline is recommended for BPS over HIC, however, 

due to somewhat varied results from clinical studies and a high rate of side effects, is only 

recommended after first-line treatments have failed [1]. Gabapentin is an anticonvulsant 

that is also used to treat chronic pain by modulating the activity of calcium channels in 

the central nervous system (CNS) [65]. Although it has not been well-studied in IC/BPS, 

it is effective at reducing pain in neuropathic pain conditions and does seem to effectively 

reduce pelvic pain [1,65]. Thus, it is primarily recommended for relief of neurologic 

symptoms [1].  

Medications that target histamine release can be used, including cimetidine and 

hydroxyzine. Cimetidine is known to antagonize histamine H2 receptors and is also 

recommended after first-line treatment for management of BPS and neurologic 

symptoms, although there are only a few small studies that show its efficacy in reducing 

symptoms [1,66]. Hydroxyzine is a histamine H1 receptor antagonist that also blocks 

acetylcholine receptors [60]. It has more varied evidence for its efficacy, with some 

studies showing improvement, while others showed no difference, and widespread 

reports of side effects [1]. However, it was shown to be more effective when combined 

with PPS and is thus recommended primarily for both BPS and patients with a history of 

allergy [1,67].  

Other medications like cyclosporine A and quercetin target the inflammatory 

processes underlying IC/BPS in different ways. Cyclosporine A blocks calcineurin to 

suppress T cell activation and prevent inflammatory cytokine release [60]. It has a 

somewhat small evidence base but seems to be effective, especially for patients with 

significant inflammation like HIC patients. This medication does have significant side 

effects that require close observation, so it is recommended only when many other 

treatment options have failed [1]. Quercetin is a bioflavonoid with anti-inflammatory 
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effects that is used to treat chronic pelvic pain syndrome in males [60]. Although its exact 

mechanism remains unclear, quercetin improved symptoms in the one study that 

examined its effects in IC/BPS and is recommended for BPS [1]. 

Intravesical treatments are another common way to manage the urinary-related 

symptoms of IC/BPS. These treatments are often used in combination, which is referred 

to as a “cocktail” [1]. Heparin, hyaluronic acid, and chondroitin sulfate are all theorized 

to target the GAG layer of the bladder, helping to restore its barrier function [60]. 

Heparin seems to be the most effective out of the three, likely due to its additional anti-

inflammatory effects, but all are recommended as part of the treatment strategy rather 

than as monotherapies [1,60]. PPS, which also targets the GAG layer, can be 

administered intravesically, but this is recommended in addition to administration of its 

oral counterpart [1,63]. Oxybutynin is theorized to target the bladder wall, decreasing 

pain and blocking acetylcholine [1,60]. It also has no reported side effects but does not 

have a large evidence base [1]. Lidocaine is a local anesthetic that is recommended for 

short-term treatment of pain, such as during a flare [1,60].  

Beyond lifestyle changes and pharmacological treatments, more invasive 

procedures like hydrodistension, treatment of Hunner lesions, and botulinum toxin A 

injections can be employed, especially when more conservative treatment options fail. 

Hydrodistension, where the bladder is stretched with water, is a commonly used 

treatment for BPS despite varied evidence for its efficacy. This treatment tends to 

decrease in efficacy over time and has serious side effects, especially with longer 

sessions, so is only recommended for short-term use at lower filling volumes [1]. Hunner 

lesions can be treated directly through a variety of functions including transuretheral 

electrocauterization or laser fulguration [63]. These strategies can produce a significant 

improvement in symptoms, but also have serious side effects and patients will require 

additional treatment when the lesions return [1]. Botulinum toxin A is thought to decrease 

central sensitization and dampen the release of neurological signaling molecules like 

nerve growth factor in the IC/BPS bladder [60,63]. It can improve symptoms and quality 

of life in BPS and is safe and effective for multiple injections, but its side effects can be 

serious and lead to the short-term need of a catheter [1].  
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Surgical procedures can also be used to treat IC/BPS. However, given their 

invasive nature and significant side effects, they are only employed after other treatments 

have been attempted. Sacral neuromodulation, which involves stimulating the nerve 

pathways that mediate information about bladder sensations, is somewhat effective at 

reducing neurologic and urinary symptoms for patients who are symptomatic even while 

on other treatments, but can have serious side effects and has a high rate of revision 

[1,68]. Radical surgery, which can involve cystectomy, bladder augmentation, and/or 

urinary diversion, is only considered when all other options have failed and the IC/BPS 

symptoms are having a significant negative impact on the patient’s quality of life [1,63]. 

However, these procedures do seem to effectively reduce pain and improve urinary 

function, especially for patients with HIC [1]. 

There are a number of emerging experimental treatments for IC/BPS which are 

not yet widely available, but which show great potential to reduce symptoms. 

Phosphodiesterase-5 inhibitors have been effective at reducing symptoms in BPS without 

significant side effects. They cause blood vessels to dilate, which relaxes the bladder 

smooth muscle that tends to contract from the excessive potassium and acetylcholine 

present in IC/BPS [69]. Monoclonal antibodies like tanezumab, which blocks nerve 

growth factor, have anti-inflammatory effects and were shown to be effective at 

decreasing pain in a small study [42]. Intravesical liposomes are small phospholipid 

bilayers that are thought to create a protective coating over the damaged bladder 

urothelium, shielding it from further damage [32]. Cannabinoid receptor agonists are 

another emerging treatment strategy that can effectively decrease pain and inflammation 

in a variety of conditions through modulation of the endocannabinoid system (ECS) [1]. 
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Table 1. Summary of pharmacological IC/BPS treatments. 

Treatment Mechanism of Action 

Amitriptyline (oral) 
Analgesic: blocks acetylcholine receptors and prevents 

neurotransmitter reuptake 

Chondroitin sulfate 

(intravesical) 
GAG replacement 

Cimetidine (oral) Anti-inflammatory: antagonizes histamine H2 receptors 

Cyclosporine A (oral) 
Anti-inflammatory: blocks calcineurin to suppress T cell 

activation and prevent inflammatory cytokine release 

Dimethyl sulfoxide 

(intravesical) 

Analgesic: blocks nerves and relaxes smooth muscle 

Anti-inflammatory: dissolves collagen 

Gabapentin (oral) 
Analgesic: modulates the activity of calcium channels in 

the central nervous system 

Heparin (intravesical) 
Anti-inflammatory 

GAG replacement 

Hyaluronic acid 

(intravesical) 
GAG replacement 

Hydroxyzine (oral) 
Anti-inflammatory: antagonizes histamine H1 receptor  

Analgesic: blocks acetylcholine receptors 

Lidocaine (intravesical) Analgesic: local anaesthetic 

Oxybutynin (intravesical) Analgesic: blocks acetylcholine 

Pentosan polysulfate 

(oral/intravesical) 

Anti-inflammatory 

GAG replacement 

Quercetin (oral) Anti-inflammatory 
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1.2 Cannabinoid Receptor Agonists 

1.2.1 The Endocannabinoid System (ECS) 

The ECS is a biological body system that plays an important role in many 

homeostatic mechanisms, including those in the nervous system, respiratory system, and 

cardiovascular system, among others. This leads to a wide range of effects, such as 

differences in mood, cognition, appetite, fertility, immune function, and pain [70,71]. The 

ECS is activated by ligands called cannabinoids, which can be further characterized 

based on their source. Endocannabinoids are synthesized within the body, 

phytocannabinoids are sourced from the cannabis plant, and synthetic cannabinoids are 

developed in a laboratory setting [72]. All of these cannabinoids mediate their effects 

through a variety of receptors, enzymes, and signalling pathways that make up the ECS. 

The two main receptors in the ECS are cannabinoid receptor 1 (CB1) and 

cannabinoid receptor 2 (CB2), both of which are G protein-coupled receptors (GPCRs) 

with seven transmembrane domains [73,74]. These receptors share about 44% homology 

overall, with 68% homology in the transmembrane domains [74]. Both cannabinoid 

receptors are coupled to heterotrimeric Gi/o proteins [73]. CB1 receptors are more 

common in the CNS, especially on neural axons and axon terminals, where they mediate 

functions in memory, cognition, motor skills, and analgesia [75,76]. However, CB1 

receptors are also expressed at lower levels in the periphery [75]. In contrast, CB2 

receptors are typically found in the immune system and periphery, including on immune 

cells like mast cells and macrophages, as well as in the spleen, lung, and bladder 

[75,77,78]. CB2 receptors are upregulated in response to inflammation and tend to 

mediate effects on the immune response [75].  

Beyond the main cannabinoid receptors, additional players, including nuclear 

receptors like peroxisome proliferator activated receptors (PPARs) and ion channels like 

transient receptor potential (TRP) channels can be activated by certain cannabinoids [79]. 

PPARs are located virtually everywhere in the body and mediate functions in metabolism, 

energy balance, and inflammation [80]. TRP channels are located on sensory neurons. 

They signal in response to physical sensations like pain and temperature, but additionally 

assist in immune function [81]. 
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The ECS can be activated by a variety of endocannabinoids. The most well-

known endocannabinoids include anandamide and 2-arachidonoylglycerol (2-AG). These 

ligands are synthesized on-demand from their membrane-bound precursor components 

upon receptor activation by certain neurotransmitters or by neuronal depolarization and 

increased intracellular calcium, where they are quickly released [73,76,79]. Anandamide 

and 2-AG activate both CB1 and CB2 receptors, which is a common feature of many 

cannabinoids, although anandamide has a higher affinity for CB1 receptors while 2-AG 

has similar affinity for both receptors [79,82,83]. These endocannabinoids also activate 

additional receptors beyond CB1 and CB2, leading to a variety of non-specific effects 

[75]. Endocannabinoids have a short half-life and are quickly taken up into cells and 

degraded by enzymes like fatty acid amide hydrolase (FAAH), cyclooxygenase-2 (COX-

2), N-acetylethanolamine-hydrolyzing acid amidase (NAAA), monoacylglycerol lipase 

(MGL), and alpha-beta domain hydrolases 6 and 12 (ABHD6 and 12) [73,79,84–87].  

In addition to the wide range of endocannabinoid-mediated effects, exogenous 

ligands, such as those phytocannabinoids found in the plant Cannabis sativa, activate the 

ECS in a similar manner. Ligands will often preferentially bind to either CB1 or CB2, 

although some, such as tetrahydrocannabinol (THC) will bind to both [73]. Activation of 

the ECS causes a variety of effects throughout the body, which are mediated by 

downstream signalling from mitogen-activated protein kinase (MAPK) activation and 

adenyl cyclase inhibition [76]. 

The ECS and CB2 receptors in particular are of interest in the treatment of painful 

inflammatory conditions like IC. CB2 receptors lack the undesirable cardiovascular, 

immune, and CNS-related side effects seen with CB1 receptor activation [70,72,88]. 

Their anti-inflammatory effects combined with their presence on both bladder and 

immune cells mean that they are well-positioned to mitigate the inflammatory 

dysfunction that drives IC. In addition, CB2 receptor activation has shown analgesic 

effects, particularly in models of inflammatory and neuropathic pain [88–90]. 

 

1.2.2 Cannabinoid Receptor 2 Activation 

As a GPCR, CB2 receptor activation leads to signalling pathways mediated by G 

proteins. CB2 agonist binding causes signalling through coupled Gαi/o proteins, leading 
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to inhibition of adenylyl cyclase and decreased cAMP production [91]. This activation 

can also activate Gβγ subunits, leading to inhibition of voltage-gated calcium channels, 

activation of phosphoinositide-3-kinase, and activation of G protein-gated inwardly 

rectifying potassium channels. These G proteins also signal through the MAPK pathway, 

which leads to the extracellular signal-regulated kinase 1 or 2 (ERK1/2) activation that is 

commonly seen with CB2 receptor signalling [92]. This activation and subsequent 

signalling pathway lead to a number of downstream effects, including alteration of 

cytokine and/or chemokine expression, changes to adenosine signalling, modulation of 

cellular adhesion molecule expression, and modulation of inflammatory cell migration, 

proliferation, and apoptosis, all of which contribute to CB2’s anti-inflammatory effects 

[93].  

CB2 activation has a distinct advantage over CB1 for therapeutic purposes. Since 

CB2 receptors are not abundant in the CNS, their activation does not produce the 

psychoactive effects seen with CB1 receptor activation [88,93]. This makes CB2 

receptors an excellent therapeutic target for conditions affecting peripheral organ systems 

like IC/BPS. 

CB2 receptor activation has great potential for applications in pain and 

inflammation, as this receptor plays an important role in the immune response. CB2-

knockout mice show excessive inflammation compared to controls [92]. CB2 receptor 

protein and mRNA expression is upregulated in the bladder mucosa and detrusor during 

animal models of acute and chronic bladder inflammation [94,95], indicating that CB2 

receptors are a viable target for IC/BPS. CB2, but not CB1, agonists showed anti-

inflammatory activity in a model of IC by reducing endothelial infiltration of leukocytes 

and the mRNA expression of inflammatory cytokines. These effects were shown to be 

CB2-specific, as administration of the specific CB2 receptor antagonist AM-630 blocked 

the anti-inflammatory activity [95]. 

CB2 receptors can be activated by a number of ligands, including those from the 

endocannabinoid, phytocannabinoid, synthetic cannabinoid, and terpene families. Some 

of the most well-known CB2 receptor agonists are the synthetic cannabinoids HU-308 

and AM1241, which are highly selective for the receptor [75,88]. The phytocannabinoid 



 18 

beta-caryophyllene (BCP) is a sesquiterpene that activates CB2 to produce therapeutic 

effects in a variety of inflammatory models [89,96]. 

 

1.2.3 Beta-Caryophyllene (BCP) 

 BCP is a non-psychoactive sesquiterpene found in many plants, including cloves, 

oregano, cinnamon, black pepper, various essential oils, and Cannabis sativa [96,97]. 

Given that it is found in many plant sources, this compound is widely consumed in food, 

but it is also used in cosmetic manufacturing [96,98]. BCP is also an emerging anti-

inflammatory and analgesic agent and functions primarily through activation of CB2 

receptors [89,96]. The chemical structure of BCP is shown in Figure 2. 

In addition to being widely consumed, BCP is generally recognized as safe 

(GRAS) by the FDA, meaning that it is approved for use in food. However, it has also 

shown safety at therapeutic doses. BCP shows low cytotoxic activity in vitro [99]. This 

safety is also reflected in animal studies, with doses of 700 mg/kg for 90 days (in rats) 

and 2000 mg/kg for 28 days (in mice) showing no toxic or adverse effects [100,101]. 

Despite its relative safety, there is some evidence that BCP inhibits CYP3A in the liver, 

which should be taken into consideration if combining BCP with other drugs that are 

metabolized by CYP3A [102].  

BCP is typically considered to be a selective CB2 receptor agonist, with a much 

higher affinity for CB2 (Ki = 155 nM) than for CB1. Activation of CB2 by BCP leads to 

suppression of Erk1/2 and JNK1/2 signaling and inhibition of pro-inflammatory cytokine 

expression [96]. However, in recent years there has been evidence suggesting that this 

compound can affect additional receptors. BCP has been shown to bind peroxisome 

proliferator-activated receptor alpha (PPARα) and peroxisome proliferator-activate 

receptor gamma (PPARγ) [103,104]. This activation could contribute to BCP’s pain-

relieving effects, as CB2 and PPARα were shown to mediate analgesia in various tests of 

acute pain [105]. The activation of these additional receptors is involved in the anti-

inflammatory effects of BCP, with both CB2 and PPARγ contributing to suppression of 

vascular inflammation [106]. In addition to its anti-inflammatory effects, PPARγ 

activation could contribute to urothelial wound repair [29,107].  The effects of BCP by 

activation of either PPARα or PPARγ in the absence of CB2 is typically not seen, 
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indicating that these receptors must work together in some capacity, although the 

mechanism of this effect and exact contribution of each receptor is unclear. 

 Opioid receptors are also implicated in BCP signalling. Various forms of the 

opioid receptor antagonist naloxone have been shown to reverse BCP’s analgesic effects 

in animal models [108,109]. It is hypothesized that CB2 receptor activation leads to 

release of β-endorphin, which leads to activation of opioid receptors in sensory neurons 

and antinociception [109,110]. 

 In addition to activation of various receptors, BCP has also shown local anesthetic 

activity. This has been demonstrated both in vitro and in vivo, although the effects are 

short-lived [111]. While the exact mechanism of this effect is unknown, local anaesthetic 

activity typically occurs through blocking the action of voltage-gated ion channels [112], 

and BCP has been shown affect some ion channels, including transient receptor potential 

vanilloid type-1 (TRPV1). TRPV1 is a nociceptor and cation channel found on primary 

sensory neurons and in the urothelium whose expression is affected by inflammatory 

mediators [77,113]. BCP differentially modulated TRPV1 expression in a rat model of 

neuroinflammation depending on the experimental condition [113]. In acute models of 

pain, black pepper seed extract containing at least 30% BCP produced an analgesic effect 

that was partially mediated by TRPV1, along with contributions from PPARα and CB2 

[105]. 

BCP has effects on immune cell adhesion in the vasculature, which is an 

important step in the inflammatory process for peripheral tissues. BCP affects the innate 

immune system by decreasing the expression of adhesion molecules like E-selectin, P-

selectin, and intercellular adhesion molecule 1 (ICAM-1), leading to decreased neutrophil 

infiltration into tissues [114,115]. BCP also downregulates expression of vascular cell 

adhesion molecule 1 (VCAM-1), which is an important endothelial adhesion protein in 

the vasculature that is upregulated in response to oxidative stress [106,116]. Taken 

together, the evidence shows that BCP acts at a number of steps in the leukocyte adhesion 

cascade to prevent immune cell infiltration into tissues. 

In addition to its effects on immune cells, BCP also reduces inflammation by 

normalizing oxidative stress. One study found that oral administration of copaiba oil, of 

which BCP is the main constituent, was effective at reducing oxidative stress in arthritic 
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rats [117]. In addition, BCP administration during vascular inflammation increased 

endothelial nitric oxide synthase (eNOS) while decreasing inducible nitric oxide synthase 

(iNOS), returning the balance to homeostatic levels [106].  

BCP is effective at restoring the balance of pro- and anti-inflammatory cytokines 

to homeostatic levels. BCP’s effects on pro-inflammatory cytokines have been well-

studied. BCP has been shown to reduce LPS-induced inflammatory cytokine expression 

of both interleukin 1 beta (IL-1β) and tumor necrosis factor (TNF) in vitro [96]. It also 

reduces both mRNA and protein expression of IL-6 and can reduce expression of 

interleukin 8 (IL-8) [118,119]. However, BCP can also increase expression of anti-

inflammatory cytokines, including interleukin 13 (IL-13) [118]. 

Given these anti-inflammatory mechanisms, it should be no surprise that BCP has 

shown both analgesic and anti-inflammatory effects in models of inflammatory pain. For 

example, orally administered BCP reduced chronic, but not acute, inflammatory pain in 

mice [97]. Local BCP injection had analgesic effects in a mouse model of neuropathic 

pain [90], which could have beneficial effects for the nervous system-mediated aspects of 

IC. In fact, BCP has been shown to be effective at reducing IC/BPS symptoms in a mouse 

model. One study from our group using an IC model found that intraperitoneal, 

intravesical, and oral administration of BCP all reduced inflammation. In addition, the 

intravesical administration of BCP was superior to intravesical DMSO at reducing 

inflammation and the oral administration of BCP also reduced IC-related pain [89]. 

Studies administering BCP over several days showed no tolerance to its analgesic effects, 

demonstrating BCP’s potential to treat chronic pain conditions [97]. 

Despite BCP’s therapeutic potential, its applications are limited by its low 

solubility in aqueous media (including in many bodily fluids), as this results in low oral 

bioavailability [120]. While other routes of administration are possible, oral drug delivery 

is more convenient and less invasive for patients. Therefore, novel formulations that 

increase BCP’s oral bioavailability would allow this compound to have a stronger effect 

on target tissues and systems. 
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Figure 2. Chemical structure of the sesquiterpene beta-caryophyllene compared to other 

sesquiterpenes alpha-humulene and delta-cadinene. 

Sesquiterpenes are 15-carbon compounds that consist of three isoprene units and are 

found in various plant sources. Created with BioRender.com. 
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1.3 Nanocarriers for Drug Delivery 

1.3.1 Definition, Advantages, and Applications 

Nanomedicine refers to the application of nanotechnologies for medical use and 

encompasses the use of all particles with at least one dimension less than 1000 nm, often 

referred to as nanocarriers [121]. Beyond this unifying characteristic, nanocarriers vary in 

their composition and their specific applications. Examples include organic-based 

nanocarriers like liposomes, micelles, dendrimers, phytosomes, nanoemulsions, solid 

lipid nanoparticles, as well as inorganic-based nanocarriers like gold or silver 

nanoparticles [122,123]. The most appropriate nanocarrier for a particular substance 

depends on a number of factors, such as the substance’s size, its lipophilicity, the target 

organ or tissue, and the desired route of administration. 

Nanoparticle drug formulations have great potential in the pharmaceutical 

industry. In general, they can increase the bioavailability of a particular compound, 

allowing for decreased loss to first-pass metabolism and more efficient delivery [124]. 

These effects are especially important for oral formulations, as entry though the gut 

provides unique challenges to drug delivery. Compounds must withstand the wide pH 

gradients, penetrate through the mucous layers, and then be taken up by the cells of the 

intestinal epithelium to reach the systemic circulation [123]. Nanocarrier formulations 

provide protection from this environment, increase permeability of the compound across 

membranes, and can even inhibit drug efflux transporters, all of which improve 

bioavailability [124]. Beyond the inherent challenges of reaching the circulation, many 

potential drugs do not dissolve well in aqueous solutions or do not permeate the 

gastrointestinal mucosa effectively [124,125]. The use of a nanocarrier protects the 

compound from degrading in the gut, which allows it more time to absorb into the 

circulation [124].  

There are nanocarrier formulations currently available for a variety of 

applications. Doxil is a liposomal formulation of doxorubicin that was approved by the 

FDA in 1995 and allowed for improved bio-distribution and reduced side effects [126].  

The Pfizer and Moderna Covid-19 vaccines used a lipid nanoparticle formulation to aid 

stability and ensure that the mRNA reached the immune system [127]. Phytosomal 

formulations are commercially available for phytochemicals like curcumin [128]. 
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Although not yet commercially available, a variety of nanocarrier formulations have been 

studied for BCP delivery, including solid lipid nanoparticles, nanoemulsions, and 

liposomes [120].  

 

1.3.2 Phytosomes 

A phytosome is a type of nanoparticle that incorporates phytochemicals, which 

are plant-derived bioactive compounds, into the nanocarrier structure. These nanocarriers 

are made from phospholipids, most often phosphatidylcholine [128]. The phytochemicals 

are linked directly to the phosphate group of the phospholipid by hydrogen bonds and are 

on the outside of the structure rather than being contained within the nanoparticle 

[122,129]. This creates a phytosome-phospholipid complex, which is typically combined 

with cholesterol and a solvent to create a lipid bilayer in solution [130]. This lipid bilayer 

structure mimics the cell membrane and allows the phytosome to pass through biological 

tissues [128]. 

Since phytochemicals can have difficulty crossing biological membranes, are 

often not soluble in biological fluids, and have poor bioavailability overall, they are 

difficult to develop into drug formulations [131]. However, phytosomes have important 

characteristics that allow them to improve oral drug delivery. They protect the 

phytochemical from the digestive system, ensuring that the active constituent is not 

destroyed by digestive enzymes or gut bacteria [132]. The phospholipids are amphipathic, 

meaning they can dissolve in both hydrophobic and hydrophilic environments, and are an  

essential component of cellular membranes, allowing for more efficient transport across 

these membranes [131,133]. These factors allow the phytosome to increase the 

bioavailability of the phytochemical and reduce the dose required to produce a 

therapeutic effect [128]. In addition, the bond between the phytochemical and the 

phospholipid improves stability and entrapment efficiency [132], ensuring that as much 

of the active constituent reaches the region of interest as possible.  

Beyond their advantages in drug delivery, phytosomes are also advantageous 

compared to other nanocarriers due to their safety. Certainly, factors like biocompatibility 

and bioaccumulation should be evaluated for every nanocarrier formulation, even if the 

phytochemical has been proven to be safe. However, the phytosome itself is made of 
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components that are normally found in the body, decreasing the likelihood of an immune 

response [128]. In addition, being made from biological materials found in the cell 

membrane means the phytosome is less likely to negatively impact the plasma 

membrane’s function, which is a commonly cited cause of nanocarrier toxicity [134]. 

A number of phytosomal formulations are available on the market already, 

demonstrating that these formulations are both safe and effective. These phytosomes are 

varied in both their composition and their applications. Among other uses, anti-

inflammatory, immunomodulatory, and antioxidant activity are frequently listed [128]. 

Phytosomal formulations of a variety of phytochemicals have shown safety and efficacy 

in clinical trials for cancer, nonalcoholic fatty liver disease, and chronic kidney disease 

[135–138].  

Given the unique properties and advantages of phytosomes, a phytosomal 

formulation of BCP would be advantageous when considering oral drug delivery. A 

phytosome would provide increased protection from and stability in the gastrointestinal 

tract, allowing more of the compound to reach the systemic circulation. This is especially 

important for BCP, which has low solubility in aqueous media and is sensitive to acidic 

environments, both of which are characteristic of the gastrointestinal environment [120]. 

This formulation has the potential to greatly improve oral delivery of BCP, allowing for 

more convenient drug administration for the treatment of chronic inflammatory 

conditions like IC/BPS. 

 

1.5 Hypothesis 

Overall, we expect that BCP will show potential as an effective treatment for IC 

by decreasing inflammation and pain. First, we hypothesize that phytosomal BCP 

decreases pain and inflammation in an acute murine model of IC. Second, we 

hypothesize that BCP decreases measures of LPS-induced inflammation, including NO 

and inflammatory cytokine production, in 5637 bladder cell culture. 
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1.6 Objectives 

Building on previous work in our lab [89], the overarching objective of this study 

was to examine the therapeutic potential of a novel BCP formulation for the treatment of 

IC. 

First, we used a murine model of IC to examine BCP’s anti-inflammatory and 

analgesic effects in vivo. We compared local inflammatory changes in the mouse bladder 

after LPS administration with and without BCP treatment using intravital microscopy 

(IVM) as well as H&E staining of the bladder. We assessed differences in inflammatory 

tissue cytokine levels in IC in treated vs untreated mouse bladders using an enzyme-

linked immunosorbent assay (ELSIA) for IL-6. We then assessed the analgesic effects of 

BCP on IC in vivo using von Frey aesthesiometry and a behaviour scoring scale.  

We then studied BCP’s effects on the cellular inflammatory mediators released by 

bladder cells in vitro. We examined viability, NO production, and release of the cytokines 

IL-6, IL-8, and TNF. This allowed us to gain insight into some of BCP’s potential 

mechanisms of action for the effects we saw in vivo.  
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Chapter 2: Materials and Methods 

2.1 in vivo Work 

2.1.1 Animals 

All experimental procedures were approved by the University Committee on 

Laboratory Animals (protocol 21-032), in accordance with the guidelines developed by 

the Canadian Council on Animal Care. in vivo experiments used healthy female BALB/c 

mice from Charles River Laboratories International (Wilmington, Mississippi, USA) that 

were 8-12 weeks old and weighed 18-24 g. Mice were housed in the Carleton Animal 

Care Facility (CACF) in ventilated, climate-controlled rack cages rack cages on a 12-

hour light/dark cycle with ad libitum access to water and standard mouse chow. All mice 

were acclimatized to the CACF for a minimum of one week before experimental 

procedures. 

 

2.1.2 Timelines 

 The in vivo experiments were primarily completed over a period of about one day. 

Mice were pre-treated before IC induction and final measurements were made 24 hours 

after IC induction. However, mice in the pain and behaviour studies were acclimatized to 

the behaviour apparatus on two days preceding IC induction, for 15 minutes each day. On 

the day directly preceding induction, these mice were also acclimatized to the von Frey 

aesthesiometer. The timeline for these experiments can be found in Figure 3. 
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Figure 3. Experimental timelines for in vivo experiments. 

Intravital microscopy (IVM) experiments (top) and pain and behaviour studies (bottom). 

Created with BioRender.com. 
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2.1.3 Experimental Groups 

For in vivo experiments, animals were pre-treated with corn oil vehicle (VEH), 

empty phytosome in corn oil (PHY), or BCP phytosome in corn oil (PHY+BCP). They 

were then given an intravesical instillation of either normal saline for the sham groups 

(SHAM) or LPS for the IC groups (LPS). This resulted in six experimental groups: 

SHAM VEH, SHAM PHY, SHAM PHY+BCP, LPS VEH, LPS PHY, LPS PHY+BCP, as 

outlined in Table 2. 
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Table 2. in vivo experimental groups. 

Group Oral Treatment Intravesical Instillation 

SHAM VEH Corn oil Saline 

SHAM PHY Empty phytosome in corn oil Saline 

SHAM PHY+BCP BCP phytosome in corn oil Saline 

LPS VEH Corn oil LPS 

LPS PHY Empty phytosome in corn oil LPS 

LPS PHY+BCP BCP phytosome in corn oil LPS 
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2.1.4 Interstitial Cystitis Induction 

Mice were pre-treated via oral gavage with 100 mg/kg body weight (5 µl/g body 

weight) of phytosomal BCP (Indena, Milan, Italy) in corn oil, or the appropriate volume 

of corn oil (density: 0.92 g/cm3; Sigma-Aldrich, ON, Canada) or empty phytosome 

(Indena, Milan, Italy) in corn oil. The phytosomal BCP and empty phytosome vehicle 

were reconstituted in corn oil before use. Each phytosomal BCP vial contained 12.5 µg of 

BCP and 40.5 µg of phytosome in 568 µl of corn oil, while the reconstituted phytosome 

vials contained 40.5 µg of phytosome in 581 µl of corn oil. Reconstituted vials were 

stored at 4ºC and discarded after 48 hours. 

Mice were anesthetized using 5% isoflurane. Once the mouse was under 

anesthesia, it was transferred to a nose cone and anesthesia was maintained at 1.8-2.2% 

isoflurane. The mouse was situated on a heating pad in a supine position, with a piece of 

tape securing the position of the nose cone. A drop of tear gel was applied to both of the 

mouse’s eyes using a clean cotton tip applicator. The mouse was monitored every five 

minutes via pedal reflex to ensure surgical depth of anesthesia. 

Once the mouse was under anesthesia, a sterilized catheter could be inserted. The 

suprapubic area was gently pressed to empty any remaining urine from the bladder. Then, 

the urethral opening was sanitized using an alcohol swab. The urethral meatus was held 

using curved tweezers, and serrated tweezers were used to guide a sterile catheter into the 

urethra. Vaseline was used to lubricate the catheter. Catheters consisted of approximately 

4 cm of gas-sterile polyethylene P10 tubing (inner diameter: 0.28mm, BD Intramedic, 

Sparks, MD, USA) on the head of a 30-gauge needle (0.3 mm x 13 mm, BD 

PrecisionGlide, Franklin Lakes, NJ, USA).  

Once the catheter reached the bladder, mice were given 50 µl of either normal 

saline or Escherichia coli (E. coli) LPS (150 µg/ml, 0.375 mg/kg; serotype O26:B6, 

L8274; Sigma-Aldrich, ON, Canada) through the catheter using a 1 ml syringe [89]. This 

was administered over a period of ten seconds to minimize vesicoureteral reflux. When 

the full volume of liquid had been administered, the catheter was carefully removed, and 

the urethral opening was held shut with an aneurysm clip. The mouse was kept under 

anesthesia with the liquid in its bladder for 30 minutes.  
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After the hold period, the aneurysm clip was removed and the mouse was woken 

up. Mice were placed back in their cage, which was placed halfway on a heating pad, and 

given a mix of water and crushed food pellets (mash) during recovery. Mice recovered 

for approximately 24 hours before endpoint measurements were taken. 

 

2.1.5 Intravital Microscopy 

2.1.5.1 Anesthesia and Surgery 

 Approximately 23 hours and 30 minutes after IC induction, mice were 

anesthetized with an intraperitoneal (i.p.) injection of pentobarbital (90 mg/kg, 27.3 

mg/ml; Ceva Sante Animale, Montreal, QC, Canada) using a 25-gauge 5/8-inch-long 

needle on a 1 mL syringe. Mice were placed on a heating pad to maintain their body 

temperature at 37ºC for the duration of imaging. Depth of anesthesia was confirmed by 

pedal reflex approximately five minutes after administration of pentobarbital. 0.1-0.2 mL 

of 5.47 mg/ml pentobarbital was used to maintain the level of anesthesia for the duration 

of the procedure.  

Once surgical depth of anesthesia was achieved, fluorochromes were 

administered. This occurred about 23 hours and 45 minutes after IC induction. The tail 

was sanitized using an alcohol swab. A mix of rhodamine 6G (1.5 ml/kg, 0.75 mg/kg 

body weight; Sigma-Aldrich, ON, Canada), used to visualize leukocytes, and fluorescein 

isothiocyanate (FITC)-albumin (1 ml/kg, 50 mg/kg; Sigma-Aldrich, ON, Canada), used 

to visualize capillaries, were administered via tail vein injection using a 37-gauge 0.5 in 

needle head and a 1 mL syringe. 

Upon successful injection of fluorochromes, the bladder was then exteriorized. To 

begin, the mouse was placed on its back. Scissors were used to make a midline incision 

of the skin of the lower abdomen, then the abdominal wall was cut to expose the 

abdominal cavity. The gut and surrounding tissues were moved aside using wet cotton tip 

applicators to fully expose the bladder. Care was taken to minimize damage to 

surrounding tissues, including avoiding cutting excess fat whenever possible. Any 

remaining urine was emptied by gently squeezing the bladder with wet cotton tip 

applicators. The bladder was kept moist by frequent administration of saline. 
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The mouse was then catheterized using a sterilized catheter. Vaseline was applied 

to the end of the tubing. Curved tweezers were used to hold the ureteral meatus open, 

while ridged tweezers were used to slowly guide the catheter up the urethra and into the 

bladder. 100 µl of saline was slowly administered into the bladder, then the catheter was 

carefully removed, and an aneurysm clip was immediately used to hold the ureteral 

opening shut for the duration of imaging. 

With the bladder exteriorized and filled, final preparations for imaging could be 

made. The bladder was moistened with saline and an 18 mm round glass coverslip was 

placed on top to facilitate imaging. The coverslip was held in place with the end of a pair 

of curved forceps placed on the glass. The mouse and heating pad were transferred over 

to the microscope stage. 

 

2.1.5.2 Microscopy 

Imaging took place 24 hours after IC induction using an epifluorescent 

microscope (Leica, DM LM, Wetzlar, Germany). Bladders were visualized using the 20x 

objective (Leica, Germany) with a 10x eyepiece (HC Plan, Leica, Germany).  

Green light, passing through a 530-550 nm bandpass excitation filter was used to 

excite rhodamine (emission wavelength 515 nm) and visualize leukocyte trafficking in 

venules. Blue light passing through a 460-490 nm bandpass excitation filter was used to 

excite FITC (emission wavelength 520 nm), which allowed visualization of functional 

capillary density (FCD) in the microcirculation. A minimum of six visual fields per light 

colour were captured for a period of 30 seconds each using Volocity software (Perkin 

Elmer, Waltham, MA, USA).  

Once imaging was complete, animals were sacrificed by a pentobarbital overdose, 

which was confirmed by cervical dislocation. 

 

2.1.5.3 Video Analysis 

 IVM videos were captured using a digital EM-CCD camera C9100-02 with AC-

adapter A3472-07 (Hamamatsu, Herrsching, Germany). These videos were then loaded 

onto a hard drive to be analyzed offline using ImageJ software (NIH, USA). All videos 

were analyzed in a blinded fashion.  
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 Leukocyte adhesion was determined by outlining a section of a submucosal 

venule which was calculated as a cylindrical surface area. The number of leukocytes 

within that area that did not move over the 30 second capture period (defined as 

“adherent leukocytes”) were counted and divided by the total area to give a measurement 

of number of adherent leukocytes per mm2.  

 Leukocyte rolling was determined by quantifying the number of leukocytes that 

passed a set point over the 30 second capture period. A random submucosal venule was 

chosen, and a line was drawn across its lumen using ImageJ software. The number of 

leukocytes passing that line was counted and converted to a value of number of rolling 

leukocytes per minute. Representative images for leukocyte activation can be found in 

Figure 4. 

 FCD was determined by measuring capillary perfusion over a set area. A 

rectangular section of the video area was marked, and the area measured. Within that 

area, the distance each capillary that perfused over the 30 second capture period was 

marked using the ImageJ software and the area measured. The distance each capillary 

perfused was summed and divided by the total area observed to give a measurement of 

FCD in cm/cm2. Representative FCD images can be found in Figure 5. 
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Figure 4. Still-frame intravital microscopy images of activated leukocytes within the 

submucosal venules of the bladder microcirculation in female BALB/c mice. 

Images represent (A) a control animal and (B) an untreated LPS animal at a 

magnification of 200x. Scale bars indicate 150 µm. Arrows indicate adherent leukocytes. 

  

A B 
150 µm 150 µm 
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Figure 5. Still-frame intravital microscopy images of capillary perfusion within the 

bladder microcirculation of female BALB/c mice. 

Images represent (A) a control animal with dense microvasculature and (B) an untreated 

LPS animal with reduced number of perfused capillaries at a magnification of 200x. 

Scale bars indicate 150 µm.  

A B 
150 µm 150 µm 
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2.1.6 Pain Assessment 

2.1.6.1 Acclimatization 

 Mice were acclimatized to a plexiglass enclosure with a mesh floor (IITC Life 

Sciences, Woodland Hills, CA, USA) for 15 minutes per day on the two days leading up 

to the experimental procedures. They were placed in the von Frey enclosure, consisting of 

an elevated mesh floor and a clear plexiglass separator with enough room for each 

mouse. A paper towel was placed below the mesh floor to ensure cleanliness. The 

enclosure was in a dim, quiet room with only the observer was present. On the second 

day of acclimatization, mice were poked in the lower abdomen three times using the von 

Frey filament. 

 Directly preceding the induction of IC and endpoint tissue collection, mice were 

placed in the enclosure for a baseline pain assessment. They were allowed to acclimatize 

to the enclosure for a minimum of one hour, with the observer entering the room at least 

15 minutes before making the first measurements.  

 

2.1.6.2 Behaviour Scoring  

 A blinded examiner scored the mice separately on eye opening, posture, and 

motoric activity. Scores for each individual parameter ranged from zero to 10, with zero 

indicating no evidence of pain and 10 being maximum evidence of pain, as outlined in 

Table 3. The three scores were then added together into a single score out of 30. Scores 

taken directly preceding the endpoint were subtracted from initial scores to give the 

change in behaviour score over the experimental timeframe for each mouse.  



 37 

Table 3. Behaviour scoring scale. 

Individual parameters for each mouse were scored before and after cystitis induction 

according to the description, then totaled to give a score out of 30. Levels of eye opening 

and posture that fell between the extremes were given intermediate, whole number 

scores. 

Parameter Description 

Eye opening 
0: eyes fully open 

5: eyes halfway open 

10: eyes fully closed 

Posture 
0: normal posture 

10: fully rounded back or limp posture 

Motoric activity 

Level of activity within 20 seconds; every 2 seconds spent 

not moving adds one point to the score (2s of stillness/20s = 

score of 1/10) 
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2.1.6.3 von Frey Aesthesiometry 

 Following the behaviour assessment, evoked pain was measured using a 2390 

series IITC Life Science Electronic von Frey aesthesiometer (Woodland Hills, California, 

USA). Using the rigid tip, the von Frey aesthesiometer was applied to the lower abdomen 

of the mouse with increasing force until the mouse withdrew. The maximum force 

tolerated before withdrawal (in grams) was recorded. In the case of the tip hitting the 

mesh or missing the lower abdomen, the measurement was discarded and a new 

measurement was taken in its place. We collected a minimum of five measurements per 

mouse, with a minimum of 30 seconds between measurements. Measurements were 

averaged for each timepoint, and then the average of the scores taken directly preceding 

the endpoint were subtracted from the average of the initial scores to give the change in 

pain tolerance over the experimental timeframe for each mouse. Once the measurements 

were complete, mice were returned to their cages and we proceeded with either IC 

induction or endpoint tissue collection. 

 

2.1.6.4 Euthanasia and Tissue Collection 

 Mice were euthanized with a pentobarbital overdose approximately 24 hours and 

30 minutes after IC induction. The lower abdominal cavity was cut open, first through the 

skin, then through the muscle and fat to expose the bladder. The bladder was drained of 

any remaining urine by squeezing with clean cotton swabs. The bladder was then held in 

place with tweezers and detached from the surrounding tissue, including from the ureters, 

by cutting with scissors. 

 Bladder samples were placed on a clean surface and sliced in half using a small 

razor blade. One half of the bladder was placed in a histology cassette and stored in 10% 

neutral buffered formalin for histological scoring, while the other half was placed in a 1.5 

mL Eppendorf and flash frozen in liquid nitrogen for cytokine analysis via ELISA. 

 

2.1.7 Histology 

2.1.7.1 Tissue Processing, Staining and Cutting 

 Bladder samples were kept in 10% neutral buffered formalin for at least 24 hours 

before being transferred into 70% ethanol. 
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 Tissue samples were processed, embedded, sliced, and stained using hematoxylin 

and eosin (H&E) by the IWK Department of Pathology and Laboratory Medicine. Two 5 

µm cross-sections of each sample were cut from each paraffin-embedded tissue block, 

which were then H&E stained and scored. 

 

2.1.7.2 Bladder Histopathology Scoring 

 Bladder histopathology slides were viewed by a an Optika B-290TB brightfield 

microscope (Optika Microscopes, Ponterica, Italy) on the 40x objective. The sample with 

the most clearly visible tissue structures was chosen for scoring. If both samples on the 

slide were similarly easy to visualize, the sample was chosen at random. Samples were 

scored based on a scoring system adapted from Hopkins et al. 1998 [139], with 

modifications based on suggestions from Dr. Cheng Wang (Departments of Pathology 

and Urology, Dalhousie University, Halifax, Nova Scotia, Canada), as seen in Table 4. 

For scoring, samples were divided into four quadrants, with the middle of the 

bladder lumen as the center point of the quadrants. Each sample was scored individually 

based on the scale above, then the individual scores were averaged to produce an overall 

score for the sample.  
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Table 4. Histology scoring scale. 

Score Criteria 

0 
No signs of inflammation; inflammatory cells primarily contained within 

vessels. 

1 Focal infiltration of inflammatory cells into the subepithelium. 

2 
Criteria of score 1 plus multifocal infiltration of inflammatory cells in the 

subepithelium; may have signs of mild edema. 

3 
Criteria of score 2 plus diffuse infiltration of inflammatory cells in the 

subepithelium and edema; may have signs of neutrophil necrosis. 

4 Criteria of score 3 plus infiltration of inflammatory cells into the mucosa. 

5 Criteria of score 4 plus infiltration of inflammatory cells into the muscle layer. 

6 Criteria of score 6 plus loss of surface epithelium. 
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2.1.8 Tissue Cytokine Evaluation 

2.1.8.1 Tissue Processing 

 Before the ELISA and BCA were performed, bladder samples were homogenized. 

Samples were removed from the -80ºC freezer and thawed on ice in tubes containing 100 

µl of Tissue protein extraction reagent (T-PER; ThermoFisher, Grand Island, NY, USA) 

before the start of the assay.   

Samples were homogenized in 2 ml tubes filled with 2.8 mm ceramic beads 

(model 19-628; Omni International, Kennesaw, GA, USA) using a PowerLyzer 24 bead 

mill homogenizer (Qiagen Sciences, MA, USA) at 5 m/s for three cycles of 30 seconds, 

with 10 seconds between cycles. After homogenization, an additional 100 µl of T-PER 

containing a protease inhibitor (10 ml T-PER per 1 protease inhibitor tablet; 

ThermoFisher, Grand Island, NY, USA) was added. Samples were then centrifuged for 15 

minutes at 4ºC and 5000 g. Samples were then stored in 1.5 ml Eppendorf tubes at -80ºC 

until needed. 

 

2.1.8.2 Bicinchonic Acid (BCA) Protein Assay 

Total protein content was quantified in the bladder samples using the Pierce 

Bicinchonic Acid (BCA) Protein Assay Kit (ThermoFisher, Grand Island, NY, USA) 

before the ELISA was performed. The assay was performed according to manufacturer’s 

instructions. 

 First, the standards, reagents, and samples were prepared. While the samples 

thawed on ice, the bovine serum albumin (BSA) standards were prepared. A 1 ml ampule 

of 2 mg/ml Albumin standard that serially diluted in T-PER to give eight standards at 

concentrations of 2000 µg/ml, 1500 µg/ml, 1000 µg/ml, 750 µg/ml, 500 µg/ml, 250 

µg/ml, 125 µg/ml, and 25 µg/ml. A blank standard of only T-PER was also prepared. The 

working reagent was prepared by mixing 50 parts of BCA Reagent A with one part of 

BCA Reagent B. The samples were diluted 1:8 using T-PER. 

 25 µl of each standard or sample dilution was pipetted in duplicates into a 96-well 

plate. 200 µl of working reagent was added to each well and the plate was placed on a 

plate shaker at room temperature for 30 seconds. The plate was then covered and 
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incubated for 30 minutes at 37ºC. After the incubation period, the plate was cooled to 

room temperature and the absorbance was measured at 562 nm. 

 The absorbance value from the blank well was subtracted from each of the 

standard and sample wells to provide a corrected mean absorbance for each sample. The 

mean absorbance was then multiplied by the dilution factor to calculate the total protein 

concentration. 

 

2.1.8.3 ELISA 

 Tissue levels of IL-6 were then quantified using a mouse IL-6 ELISA kit 

(Invitrogen, Waltham, MA, USA) over a three-day period according to manufacturer’s 

instructions. 

 The first day of the procedure was used to coat the plate. The coating buffer was 

diluted 1:10 in distilled water. The capture antibody was then diluted 1:250 in this diluted 

coating buffer. 100 µl of this solution was added to each well of a 96-well plate. The plate 

was then covered and incubated at 4ºC on a plate shaker set to 200 RPM overnight. The 

assay diluent was also prepared by diluting the concentrate 1:5 in distilled water. 

 The samples were thawed on ice while the plate was prepared. The wells were 

emptied and washed out three times using wash buffer, which was 0.05% Tween-20 in 

PBS. Each wash required filling the wells with wash buffer (300 µl per well) and 

agitating the plate for one minute. After the final wash, the plate was inverted and tapped 

against a paper towel to remove any remaining buffer without allowing the wells to dry 

fully. 200 µl of assay diluent was then added and the plate was incubated for one hour at 

room temperature and 200 RPM to block the wells.  

 While the plate incubated, the standards and samples were prepared. The standard 

was reconstituted by adding the recommended volume of distilled water (as per 

manufacturer’s instructions) to the vial and gently swirling. The standard was allowed to 

rest for 10-30 minutes for full reconstitution. The set of eight standards was prepared by 

serial dilution with assay diluent, where the top standard was 500 pg/ml and each 

subsequent standard was half the concentration of the previous standard. A blank standard 

containing only assay diluent was also prepared. The thawed samples were centrifuged 

for ten minutes at 4ºC and 2000 g before being returned to ice. 
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 After the incubation period, the plate was washed as described above. 50 µl of 

either sample or standard was added to each well in duplicates. The plate was covered 

again and incubated overnight at 4ºC and 200 RPM. 

 On the third day, the plate could be visualized. The detection antibody and Avidin-

HRP enzyme concentrate were both diluted 1:250 in assay diluent. The plate was washed 

again as described above. 100 µl of detection antibody was added per well, then the plate 

was covered and incubated for one hour at room temperature and 200 RPM. After the 

incubation, the plate was washed again and 100 µl of enzyme was added per well. The 

plate was again incubated at room temperature and 200 RPM, this time for 30 minutes.  

The plate was washed again, this time for five washes, and 95 µl of 

tetramethylbenzidine (TMB) substrate solution was added to each well. The plate was 

covered again and incubated for 10-20 minutes at room temperature and 200 RPM. The 

wells were monitored for colour change. Once the standards were clearly differentiated, 

100 µl of 1M HCl stop solution was added to each well.  

The plate was read at 450 nm within ten minutes to avoid precipitation. The 

sample data points were adjusted based on the sample dilutions. The adjusted ELISA 

values were then normalized for total IL-6 protein levels by dividing them by the 

calculated BCA value for each sample.  

 

2.2 in vitro Work 

2.2.1 Cell Culture 

5637 bladder epithelial carcinoma cells from American Type Culture Collection 

(ATCC; Cedarlane Labs, Burlington, ON, Canada), which were isolated from the urinary 

bladder of a 68-year-old white man with grade II carcinoma, were used for all in vitro 

experiments. All procedures were completed using aseptic technique. Cells were grown 

under standard conditions (37ºC and 5% CO2 with a humidified atmosphere) in complete 

Roswell Park Memorial Institute (RPMI) media, which consisted of RPMI 1640 

containing 10% fetal bovine serum (ThermoFisher, Grand Island, NY, USA). Media was 

refreshed as required. 

Once cells were 80% confluent, they were split into separate flasks. The media 

was removed and the flask was rinsed with about 5 ml of warmed 0.25% trypsin 
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(ThermoFisher, Grand Island, NY, USA). Enough trypsin to cover the bottom of the flask 

(about 3 ml) was placed on the cells and the flask was incubated under standard 

conditions until the cells detached from the flask, which typically took ten minutes. Once 

the majority of the cells detached, the trypsin was neutralized by adding the same volume 

of complete RPMI media to the flask. The cells were then counted using trypan blue 

exclusion dye and the media containing the cells was then split between multiple flasks, 

each containing additional complete RPMI media.  

 

2.2.2 Viability Assay 

 Cells were seeded in a 96 well plate at a density of 10 000 cells per well and 

incubated under standard conditions in serum-free RPMI media overnight. Media was 

removed from the cells and discarded. Cells were washed with about 100 µl of sterile 

phosphate buffered saline (PBS). Cells were then incubated for one or three hour(s) with 

serum-free RPMI media and either LPS or BCP.  

For the LPS groups, dilutions of 5 µg/ml, 10 µg/ml, 50 µg/ml, and 100 µg/ml of 

LPS were made. Cells were given 10 µl of the appropriate LPS dilution and 90 µl of 

media, which produced final LPS concentrations of 0.5 µg/ml, 1 µg/ml, 5 µg/ml, and 10 

µg/ml. Control cells were given 10 µl of saline in place of LPS.  

For BCP, final concentrations of 50, 100, 250, and 500 µg/ml were used. Each 

well was given the appropriate volumes of media containing either BCP or vehicle 

control (Tween-80) outlined in Table 5 in addition to 50 µl of serum-free RPMI media. 

Once the incubation period was complete, the media was removed and cells were 

washed again with PBS. They were then given 90 µl of serum free RPMI media and 10 

µl of Cell-Counting Kit-8 (CCK-8) dye (APExBIO, Houston, TX, USA). Cells were then 

incubated for an hour under standard conditions.  

After the incubation, the level of cell death was quantified using a Cytation 5 

plate reader set to a wavelength of 450 nm using Gen5 software (BioTek Instruments Inc, 

Winooski, VT, USA). Absorbance under each condition was normalized to give a percent 

viability compared to the positive control. Each experiment was run in duplicates and was 

completed a minimum of three separate times.  
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Table 5. in vitro experimental setup for BCP viability experiments. 

Group BCP Media Volume (µl) Tween-80 Media Volume (µl) 

Control 0 50 

50 µg/ml BCP 5 45 

100 µg/ml BCP 10 40 

250 µg/ml BCP 25 25 

500 µg/ml BCP 50 0 
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2.2.3 Nitric Oxide Assay 

 Before the assay could be completed, samples were collected. Each experiment 

was run in duplicates and was completed a minimum of three separate times. Cells were 

seeded in a 24-well plate at a density of 250 000 cells per well. They were incubated 

overnight at standard conditions and serum starved to synchronize the cell cycles.  

Media was removed from the cells and discarded. Cells were washed with 500 µl 

of warmed D-PBS, which was also discarded. Cells were then incubated for three hours 

at 37ºC and 5% CO2 with a mixture of LPS and serum-free RPMI media. LPS stock was 

diluted to 100 µg/ml. Cells were then given the appropriate volume of LPS and PBS 

according to Table 6, resulting in final LPS concentrations of 0.5 µg/ml, 1 µg/ml, 5 

µg/ml, and 10 µg/ml. Cells also received 450 µl of serum-free RPMI media.  

Samples were collected after one or three hours of incubation. Cells were washed 

twice with D-PBS as above before being lysed with 100 µl of ice-cold assay buffer from 

the assay kit (Abcam Nitric Oxide Assay Kit (ab65328); Waltham, MA, USA), which 

was pipetted up and down to facilitate lysis. Samples were centrifuged for 5 minutes at 

10000 RPM and 4ºC. The duplicates were pooled for sample collection and samples were 

stored at -80ºC until the date of the assay. 

 The NO assay was completed as per manufacturer’s instructions. Standards were 

prepared fresh at the appropriate concentrations (ranging from 2-10 nMol) while samples 

were thawed on ice. Standards and samples were added to a flat-bottom 96 well plate in 

duplicate, with assay buffer making up the remaining volume to a total of 85 µl. Blank 

wells containing only assay buffer were also added. 5 µl each of nitrate reductase and 

enzyme co-factor were added to each standard and sample well. The plate was then 

incubated in the dark at room temperature for one hour. 5 µl of enhancer was added to 

each standard and sample well and the plate was incubated at room temperature for 10 

minutes. 50 µl each of Griess Reagent I and II were added to each standard and sample 

well immediately before measurement. The concentration of NO was quantified using a 

plate reader at an optical density of 540 nm. The absorbance for each well was adjusted 

based on blank controls and the standard curve was then used to determine the 

concentration of NO in each sample.   
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Table 6. in vitro experimental setup for the viability assay. 

Group LPS Volume (µl) PBS Volume (µl) 

Control 0  50 

0.5 µg/ml LPS 2.5 47.5 

1 µg/ml LPS 5 45 

5 µg/ml LPS 25 25 

10 µg/ml LPS 50 0 
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2.2.4 ELISA 

 Cells were treated according to section 2.2.3, with collection of supernatant 

directly following the one or three-hour incubation. Duplicates were pooled and samples 

were stored at -80ºC until the ELISA was run. 

Cell serum levels of IL-6, IL-8, and TNF were quantified using human ELISA 

kits for their respective cytokines (Invitrogen, Waltham, MA, USA) according to 

manufacturer’s instructions, following the same protocol in section 2.1.8.3. The kits 

varied slightly in standard concentration and the enzyme used depending on the cytokine 

examined. The top standard was 200 pg/ml for the IL-6 kit, 250 pg/ml for the IL-8 kit, 

and 500 pg/ml for the TNF kit. The IL-6 and TNF kits used streptavidin-HRP for the 

enzyme, while the IL-8 kit used avidin-HRP for the enzyme. 

The plates were all read using a plate reader at 450 nm. The standard wells were 

used to generate a curve, which was then used to calculate the concentration of IL-6, IL-

8, or TNF in each sample well. 

 

2.3 Statistical Analysis 

 All statistical analysis was completed using GraphPad Prism 10 (GraphPad 

Software, La Jolla, CA, USA). Data was first analyzed for normality using the 

Kolmogorov-Smirnov Test. Outliers were removed using the ROUT method. Data was 

analyzed for significance using a one-way ANOVA with Dunnett’s test for post-hoc 

analysis. Comparisons between two groups were analyzed using a one- or two-tailed t-

test. A p-value of less than 0.05 was considered statistically significant and data was 

expressed as mean plus or minus standard deviation.  
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Chapter 3: Results 

3.1 The Effect of Phytosomal Beta-Caryophyllene on Lipopolysaccharide-Induced 

Bladder Inflammation in Female BALB/c Mice 

3.1.1 Intravital Microscopy 

Phytosomal BCP was effective at reducing inflammation within the bladder 

microvasculature as evaluated using our primary IVM parameter, leukocyte adhesion  

(Figure 6). 0.375 mg/kg of LPS significantly increased leukocyte adhesion (p<0.05) in 

the bladder microvasculature of mice compared to control when observed 24 hours after 

experimental IC induction. When mice were pre-treated with 100 mg/kg of phytosomal 

BCP, leukocyte adhesion was significantly decreased (p<0.05) compared to untreated 

LPS controls. IC mice treated with the empty phytosome vehicle control showed 

decreased leukocyte adhesion in the bladder microvasculature compared to untreated 

mice, but this difference was not statistically significant. No significant differences were 

observed between sham groups. 

For our secondary IVM parameters, no significant differences were observed 

between groups. There were no differences between sham groups or with untreated LPS 

compared to both control and treatment groups with either leukocyte rolling (Figure 7) or 

FCD (Figure 8).  
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Figure 6. 100 mg/kg of phytosomal BCP reduces leukocyte adhesion in submucosal 

bladder venules of female BALB/c mice 24 hours after IC induction. 

Leukocyte adhesion was assessed using intravital microscopy in the following groups: 

sham IC with vehicle control (SHAM VEH), sham IC with empty phytosome (SHAM 

PHY), sham IC with phytosomal BCP (SHAM PHY+BCP), IC with vehicle control (LPS 

VEH), IC with empty phytosome (LPS PHY), and IC treated with phytosomal BCP (LPS 

PHY+BCP). Data is in cells/mm2 and is represented as mean ± SD, n=5. Statistical 

analysis by one-way ANOVA with multiple comparisons, *p<0.05. 
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Figure 7. 0.375 mg/kg of LPS does not alter leukocyte rolling in submucosal bladder 

venules of female BALB/c mice after 24 hours. 

Leukocyte rolling was assessed using intravital microscopy in the following groups: 

sham IC with vehicle control (SHAM VEH), sham IC with empty phytosome (SHAM 

PHY), sham IC with phytosomal BCP (SHAM PHY+BCP), IC with vehicle control (LPS 

VEH), IC with empty phytosome (LPS PHY), and IC treated with phytosomal BCP (LPS 

PHY+BCP). Data is in cells/min and is represented as mean ± SD, n=5.  
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Figure 8. 0.375 mg/kg of LPS does not alter functional capillary density in submucosal 

bladder venules of female BALB/c mice after 24 hours. 

Functional capillary density was assessed using intravital microscopy in the following 

groups: sham IC with vehicle control (SHAM VEH), sham IC with empty phytosome 

(SHAM PHY), sham IC with phytosomal BCP (SHAM PHY+BCP), IC with vehicle 

control (LPS VEH), IC with empty phytosome (LPS PHY), and IC treated with 

phytosomal BCP (LPS PHY+BCP). Data is in cm/cm2 and is represented as mean ± SD, 

n=5. 
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3.1.2 Bladder Histopathology 

 Phytosomal BCP was effective at reducing histological signs of inflammation 

within the mouse bladder (Figure 9). 0.375 mg/kg of LPS significantly increased 

histology scores (p<0.01) in mouse bladders 24 hours after experimental IC induction. 

When mice were pre-treated with 100 mg/kg of phytosomal BCP, histology scores were 

significantly decreased (p<0.05) compared to untreated LPS controls using a one-tailed t-

test. Bladders from the IC mice treated with the empty phytosome vehicle control had 

histology scores that fell between the scores for untreated and phytosomal BCP treated 

groups, but the difference was not statistically significant from either group. No 

significant differences were observed between sham groups. Representative histology 

images showing normal and inflamed bladders are shown in Figure 10. 
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Figure 9. Phytosomal BCP normalizes histological signs of inflammation in female 

BALB/c mouse bladders 24 hours after IC induction. 

Histological changes were assessed in the following groups: sham IC with vehicle control 

(SHAM VEH; n=5), sham IC with empty phytosome (SHAM PHY; n=5), sham IC with 

phytosomal BCP (SHAM PHY+BCP; n=7), IC with vehicle control (LPS VEH; n=5), IC 

with empty phytosome (LPS PHY; n=5), and IC treated with phytosomal BCP (LPS 

PHY+BCP; n=5). Data is represented as mean ± SD. Statistical analysis by one-way 

ANOVA with multiple comparisons, **p<0.01, and one-tailed t-test, #p<0.05. 
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Figure 10. Representative histology images of female BALB/c mouse bladders. 

Images represent (A) a control animal (representative score of 0) and (B) an untreated 

LPS animal (arrow indicates edema with diffuse immune cell infiltration in the 

subepithelium; representative score of 3) at a magnification of 100x. Scale bars indicate 

100 µm. 
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3.1.3 ELISA 

 No changes in Il-6 cytokine levels were observed in mouse bladder tissue samples 

24 hours after IC induction (Figure 11). There were no differences between sham groups 

or with untreated LPS compared to both control and treatment groups, and overall 

cytokine expression was near the lower limit of detection for most groups.  
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Figure 11. 0.375 mg/kg LPS does not alter IL-6 levels in female BALB/c mouse bladders 

after 24 hours. 

IL-6 protein levels were assessed using an ELISA in the following groups: sham IC with 

vehicle control (SHAM VEH; n=4), sham IC with empty phytosome (SHAM PHY; n=5), 

sham IC with phytosomal BCP (SHAM PHY+BCP; n=7), IC with vehicle control (LPS 

VEH; n=3), IC with empty phytosome (LPS PHY; n=4), and IC treated with phytosomal 

BCP (LPS PHY+BCP; n=4). Data is in pg/ml and is represented as mean ± SD. 
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3.2 The Effect of Phytosomal Beta-Caryophyllene on Pain produced by 

Lipopolysaccharide-Induced Bladder Inflammation in Female BALB/c Mice 

3.2.1 Behaviour Scoring 

Phytosomal BCP was effective at reducing behavioural signs of pain (Figure 12). 

0.375 mg/kg of LPS significantly increased behaviour scores (p<0.01) compared to 

control 24 hours after experimental IC induction. When mice were pre-treated with 100 

mg/kg of phytosomal BCP, behaviour scores were significantly decreased (p<0.05) 

compared to untreated LPS controls. While the IC mice treated with empty phytosome 

vehicle control appeared to have elevated behaviour scores compared to control, this 

difference was not statistically significant. No significant differences were observed 

between sham groups.  
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Figure 12. Phytosomal BCP reduces behavioural signs of pain in female BALB/c mice 

24 hours after IC induction. 

Behavioural signs of pain were assessed in the following groups: sham IC with vehicle 

control (SHAM VEH; n=5), sham IC with empty phytosome (SHAM PHY; n=4), sham 

IC with phytosomal BCP (SHAM PHY+BCP; n=5), IC with vehicle control (LPS VEH; 

n=5), IC with empty phytosome (LPS PHY; n=5), and IC treated with phytosomal BCP 

(LPS PHY+BCP; n=8). Each data point represents the change in behaviour score 24 

hours after IC induction compared to the individual mouse’s initial behaviour score. Data 

represented as mean ± SD. Statistical analysis by one-way ANOVA with multiple 

comparisons, *p<0.05, **p<0.01. 
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3.2.2 von Frey Aesthesiometry 

Overall, there were no significant differences in evoked pain response when 

evaluated by one-way ANOVA (Figure 13). 0.375 mg/kg of LPS did induce a significant 

reduction in force tolerated on the lower abdomen (*p<0.05) when compared to control 

using a two-tailed t-test. However, treatment with phytosomal BCP did not significantly 

alter this change. The phytosomal BCP treated group seemed to have decreased evoked 

pain tolerance after IC induction compared to control, while the LPS treated with empty 

phytosome appeared to have a higher evoked pain tolerance compared to the other LPS 

groups, but these differences were not statistically significant. There were no differences 

between sham groups.  
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Figure 13. 0.375 mg/kg of LPS does not alter evoked pain tolerance of female BALB/c 

mice 24 hours after IC induction. 

Behavioural signs of pain were assessed in the following groups: sham IC with vehicle 

control (SHAM VEH; n=5), sham IC with empty phytosome (SHAM PHY; n=5), sham 

IC with phytosomal BCP (SHAM PHY+BCP; n=5), IC with vehicle control (LPS VEH; 

n=5), IC with empty phytosome (LPS PHY; n=5), and IC treated with phytosomal BCP 

(LPS PHY+BCP; n=8). Each data point represents the change in force tolerated before 

withdrawal 24 hours after IC induction compared to the individual mouse’s initial 

tolerance. Data is in grams and is represented as mean ± SD.  
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3.3 The Effect of Beta-Caryophyllene on LPS-Induced Inflammation in 5637 

Bladder Epithelial Cells 

3.3.1 1-hour Model 

3.3.1.1 Viability 

 To determine the appropriate LPS concentration and BCP dose for in vitro 

experiments, viability assays were performed to ensure that these substances were not 

significantly impacting the number of cells per well. There were no significant 

differences in viability at any of the LPS concentrations examined after 1 hour, with all 

groups ending up at or above control levels of viability (Figure 14). The same was true of 

the BCP doses examined at this timepoint (Figure 15).  
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Figure 14. 0.5-10 µg/ml of LPS does not alter 5637 bladder epithelial cell viability after 

1 hour. 

Viability was evaluated using CCK-8 dye after cells were incubated with 0.5, 1, 5, or 10 

µg/ml of LPS or saline (control). Data was normalized as a percentage of control viability 

and is represented as mean ± SD, n=4. 
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Figure 15. 50-500 µg/ml of BCP does not alter 5637 bladder epithelial cell viability after 

1 hour. 

Viability was evaluated using CCK-8 dye after cells were incubated with 50, 100, 250, or 

500 µg/ml of BCP or saline (control). Data is normalized as a percentage of control 

viability and is represented as mean ± SD, n=3. 
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3.3.1.2 Nitric Oxide Assay 

 A nitric oxide assay was used to determine if any of the LPS concentrations (0.5, 

1, 5, or 10 µg/ml) altered this inflammatory parameter. However, the nitric oxide levels 

for all groups were below the limit of detection specified by the kit, so a graph of these 

values cannot be shown. The standard curve is shown in Figure 16. 
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Figure 16. Nitric oxide assay standard curve for 1-hour in vitro experiments. 

Each point represents the absorbance of the kit’s nitric oxide standards, whose 

concentration ranges from 0-10 nMol. Nitric oxide levels from 5637 bladder epithelial 

cells were below the kit’s limit of detection after 1 hour for all of the groups examined, 

which were saline (control), and 0.5, 1, 5, and 10 µg/ml of LPS. N=3 for all groups. 
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3.3.1.3 ELISA 

 An ELISA that examined IL-6 levels in cell supernatant was used to determine if 

any of the LPS concentrations (0.5, 1, 5, or 10 µg/ml) altered cellular release this 

inflammatory parameter. However, the IL-6 levels for all groups were below the limit of 

detection specified by the kit, so the values cannot be shown. The standard curve is 

shown in Figure 17. 
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Figure 17. IL-6 ELISA standard curve for 1-hour in vitro experiments. 

Each point represents the absorbance of the kit’s IL-6 standards, whose concentration 

ranges from 15.625-2000 pg/ml. IL-6 levels from 5637 bladder epithelial cells were not 

detectable by ELISA after 1 hour for any of the groups examined, which were or saline 

(control) and 0.5, 1, 5, and 10 µg/ml of LPS. N=3 for all groups. 
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3.3.2 3-hour Model 

3.3.2.1 Viability 

Since the levels of the inflammatory parameters examined were undetectable after 

1 hour, we decided to examine the effects of LPS and BCP in vitro after 3 hours. Again, 

viability assays were performed first to ensure that these substances were not 

significantly impacting the number of cells per well at this new timepoint.  

There were no significant differences in viability at any of the LPS concentrations 

examined after 3 hours (Figure 18). Although the viability for the 10 µg/ml dose appeared 

reduced compared to the other groups, this difference was not statistically significant and 

remained above the threshold of 80% viability.  

There was a significant decrease in viability (p<0.001) for the 250 and 500 µg/ml 

BCP doses after 3 hours, while 50 and 100 µg/ml doses were not altered compared to 

control (Figure 19). Therefore, the 250 and 500 µg/ml BCP doses were excluded from 

further study at this timepoint.  
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Figure 18. 0.5-10 µg/ml of LPS does not alter 5637 bladder epithelial cell viability after 

3 hours. 

Viability was evaluated using CCK-8 dye after cells were incubated with 0.5, 1, 5, or 10 

µg/ml of LPS or saline (control). Data is normalized as a percentage of control viability 

and is represented as mean ± SD, n=4. 
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Figure 19. 250 and 500 µg/ml of BCP decrease viability in 5637 bladder epithelial cells 

compared to control after 3 hours. 

Viability was evaluated using CCK-8 dye after cells were incubated with 50, 100, 250, or 

500 µg/ml of BCP or saline (control). Data is normalized as a percentage of control 

viability and is represented as mean ± SD, n=4. Statistical analysis by one-way ANOVA 

with multiple comparisons, ***p<0.001. 
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3.3.2.2 Nitric Oxide Assay 

The nitric oxide levels for all groups (control, and 0.5, 1, 5, or 10 µg/ml of LPS) 

were again below the limit of detection specified by the kit for this timepoint. The 

standard curve is shown in Figure 20. Given the low levels of nitric oxide produced by 

5637 bladder epithelial cells at the timepoints used in this study, this parameter was 

excluded from further study.  
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Figure 20. Nitric oxide assay standard curve for 3-hour in vitro experiments. 

Each point represents the absorbance of the kit’s nitric oxide standards, whose 

concentration ranges from 0-10 nMol. Nitric oxide levels from 5637 bladder epithelial 

cells were below the kit’s limit of detection after 3 hours for all of the groups examined, 

which were saline (control), and 0.5, 1, 5, and 10 µg/ml of LPS. N=3 for all groups. 
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3.3.2.3 ELISA 

Again, an ELISA for IL-6 levels in cell supernatant was used to determine if any 

of the LPS concentrations altered cellular release this inflammatory parameter at the 

longer 3-hour timepoint. LPS concentrations of 5 and 10 µg/ml significantly increased 

IL-6 levels (p<0.001; Figure 21). 0.5 and 1 µg/ml of LPS appeared to increase the levels 

of IL-6, but this difference was not statistically significant. Therefore, for subsequent 

assays examining the effect of BCP on cellular mediators of inflammation, the 10 µg/ml 

concentration of LPS was used. 

For the assays looking at BCP’s effects on inflammatory cytokine release, we did 

not see any significant differences with 10, 50, or 100 µg/ml of BCP on LPS-stimulated 

cells. For IL-6, there was again a significant increase in cytokine release (p<0.05) in the 

untreated LPS-stimulated cells compared to control when examined using a two-tailed t-

test. However, there were no significant differences when cells were treated with BCP 

(Figure 22). The results show a similar pattern for IL-8, where LPS significantly 

increased IL-8 release using a two-tailed t-test (p<0.01), but none of the BCP doses tested 

were able to reverse this finding (Figure 23). For both the IL-6 and IL-8 ELISAs, the 

mean cytokine release for the 50 and 100 µg/ml doses of BCP appeared elevated 

compared to the untreated and 10 µg/ml BCP groups. However, these differences were 

not statistically significant. The TNF levels for all groups were below the limit of 

detection specified by the kit. The standard curve is shown in Figure 24. 
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Figure 21. 5 and 10 µg/ml of LPS increase IL-6 release in 5637 bladder epithelial cells 

after 3 hours. 

IL-6 protein levels were assessed using an ELISA after cells were incubated with saline 

(control; n=3), or 0.5 (n=4), 1 (n=4), 5 (n=3), or 10 µg/ml (n=3) of LPS. Data represented 

as mean ± SD. Statistical analysis by one-way ANOVA with multiple comparisons, 

***p<0.001. 
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Figure 22. 10-100 µg/ml of BCP does not alter IL-6 release in LPS-stimulated 5637 

bladder epithelial cells after 3 hours. 

IL-6 protein levels were assessed using an ELISA for the following groups: saline and 

tween-80 (control), 10 µg/ml LPS and tween-80 (untreated), and 10 µg/ml LPS treated 

with 10, 50, or 100 µg/ml BCP (10, 50, and 100 µg/ml BCP, respectively). Data 

represented as mean ± SD, n=3. Statistical analysis by two-tailed t-test *p<0.05. 
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Figure 23. 10-100 µg/ml of BCP does not alter IL-8 release in LPS-stimulated 5637 

bladder epithelial cells after 3 hours. 

IL-6 protein levels were assessed using an ELISA for the following groups: saline and 

tween-80 (control), 10 µg/ml LPS and tween-80 (untreated), and 10 µg/ml LPS treated 

with 10, 50, or 100 µg/ml BCP (10, 50, and 100 µg/ml BCP, respectively). Data 

represented as mean ± SD, n=3. Statistical analysis by two-tailed t-test **p<0.01. 
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Figure 24. TNF ELISA standard curve for 3-hour in vitro experiments. 

Each point represents the absorbance of the kit’s TNF standards, whose concentration 

ranges from 1.5625-200 pg/ml. TNF levels from 5637 bladder epithelial cells were not 

detectable by ELISA after 3 hours for any of the groups examined, which were saline and 

tween-80 (control), 10 µg/ml LPS and tween-80 (untreated), and 10 µg/ml LPS treated 

with 10, 50, or 100 µg/ml BCP (10, 50, and 100 µg/ml BCP, respectively). N=3 for all 

groups. 
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3.4 Summary of Key Results 

 Overall, we found that oral phytosomal BCP reduced signs of inflammation and 

pain in vivo (Figure 25). Leukocyte adhesion and histology scores in IC mice were 

significantly reduced 24 hours after treatment, while leukocyte rolling and functional 

capillary density were not altered by either LPS or BCP. Behaviour scores (non-evoked 

pain) were also significantly reduced in IC mice 24 hours after treatment, while evoked 

pain tolerance was not altered by either LPS or BCP. 

 BCP had fewer effects in the 5637 cells. In terms of viability, LPS did not induce 

any changes after 1 or 3 hours of incubation, while higher doses of BCP significantly 

reduced viability, but only after 3 hours. For inflammatory cytokines, IL-6 was 

undetectable after 1 hour, but was significantly increased after 3 hours with LPS. IL-8 

was also increased after 3 hours with LPS, but treatment with BCP did not alter IL-6 or 

IL-8 levels. TNF was not detectable after 3 hours, and NO levels were below the limit of 

detection at both timepoints. 

 

  



 80 

 

Figure 25. Key findings. 

Treatment with phytosomal BCP reduced behaviour scores (non-evoked pain), leukocyte 

adhesion, and histology scores (edema and leukocyte infiltration) in vivo over a 24-hour 

period. in vitro, treatment with 250-500 µg/ml of BCP reduced viability after 3 hours, and 

treatment with 10-100 µg/ml of BCP did not alter cytokine release. Created with 

BioRender.com. 
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Chapter 4: Discussion 

4.1 Phytosomal Beta-Caryophyllene as a Treatment for Bladder Inflammation 

The first objective of this study was to examine the effects of phytosomal BCP on 

bladder inflammation in vivo. With IVM, we observed decreased leukocyte adhesion in 

the microvasculature of the bladder wall in BCP-treated IC mice when compared to 

untreated IC mice, indicating decreased immune cell activation when treated with 

phytosomal BCP. However, there were no differences between any of the groups for both 

leukocyte rolling and capillary perfusion, indicating that 0.375 mg/kg of LPS was not 

sufficient to cause alterations in these parameters. The same was true of tissue IL-6 levels 

for all groups. Taken together, these findings indicate that intravesical administration of 

0.375 mg/kg of LPS induces mild inflammation in vivo, and that this inflammation is 

reversed with oral pre-treatment of 100 mg/kg phytosomal BCP. 

The decreased inflammation, as observed by decreased leukocyte adhesion in 

IVM and decreased histology scores, supports the growing body of evidence that BCP is 

an effective anti-inflammatory agent in the bladder. In a study of murine UTI, Dickson et 

al. found that BCP effectively reduced inflammation 24 hours after infection by 

observing leukocyte adhesion and capillary perfusion [140]. However, BCP is not only 

anti-inflammatory in infectious models. In a study by Berger et al., 100 mg/kg of 

intravesical or oral BCP was effective at reducing signs of inflammation, including 

leukocyte adhesion, in a 2-hour model of IC [89].  

Given that leukocyte adhesion and histology scores specifically were decreased 

by BCP, there are a few potential mechanisms by which this compound may be exerting 

its anti-inflammatory effects. Since immune cells are known to express CB2 receptors 

[78], BCP could be acting directly on these cells, which would explain the changes 

observed in leukocyte adhesion with BCP treatment. A similar effect was seen in a study 

of leukocyte infiltration across the blood brain barrier, where CB2-activated leukocytes 

that were injected into mice showed decreased adhesion and infiltration into the CNS 

[141]. While the blood brain barrier is a more stringent barrier than that of the bladder, 

this study by Rom et al. highlights the fact that direct CB2 activation of leukocytes, rather 

than CB2 activation in the tissue, can impact their adhesion to and infiltration across 

physiological barriers. This change in leukocyte infiltration could be due to changes in 
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the expression of cellular adhesion molecules, as BCP treatment decreases the levels of 

E-selectin, P-selectin, ICAM-1, and VCAM-1 in various inflammatory models [106,114]. 

Further supporting this hypothesis, immune cell infiltration is an important part of our 

histology scoring criteria. Other studies have used CB2 activation to decrease immune 

cell infiltration and histology scores in the bladder, with Tambaro et al. reporting a 

significant decrease in leukocytes when IC mice were treated with the CB2 agonist 

JWH015. This effect was CB2-dependent, as administration of the CB2 receptor 

antagonist AM630 reversed this effect [95]. Given this evidence and the results of the 

current study, it is likely that activation of the leukocyte CB2 receptor is a major 

contributor to the anti-inflammatory effects of phytosomal BCP. 

BCP could also be acting directly on the bladder epithelial cells, as these cells are 

also known to express CB2 receptors [77]. CB2 activation is known to affect bladder 

function, including improving the ability to contract, decreasing bladder pressure, and 

increasing the time between voids [77,142]. However, in contrast to the present study, 

both of these functionality studies used intravesical administration of their respective 

CB2 agonists, rather than oral administration like the present study. In addition, these 

functionality studies do not examine BCP’s anti-inflammatory effects directly.  

Other studies that have characterized BCP’s pharmacokinetic effects can provide 

some insight as to how much BCP reaches the urothelium to exert anti-inflammatory 

effects. One study that examined the pharmacokinetics of orally administered BCP in rats 

found that from an oral dose of 50 mg/kg, the maximum plasma concentration (Cmax) of 

BCP was 0.12 µg/ml, which occurred 3.5 hours after administration (Tmax) [143], 

however, this study did not characterize how much BCP reaches specific organ systems. 

In addition, this pharmacokinetic study did not characterize the metabolism of 

phytosomal BCP, so it is not clear how much BCP reaches the bladder after 24 hours in 

the present model. It is known that BCP’s metabolites, 14-hydroxycarophyllene and 14-

hydroxycaryophyllene oxide, are eliminated in the urine [144]. This means that BCP’s 

hydroxylated metabolites can easily reach the urothelium, but the anti-inflammatory 

activity of these metabolites has not yet been characterized. Therefore, phytosomal BCP 

could be acting on the urothelium to mediate its anti-inflammatory effects, but given the 

uncertainty surrounding its pharmacokinetics and the clear effect of BCP on the immune 
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cells, it is unlikely that the urothelium is the only site of phytosomal BCP’s anti-

inflammatory actions.  

Pre-treatment with BCP is also known to interfere with the signalling of toll-like 

receptor 4 (TLR4) in various inflammatory models. While this effect has not yet been 

observed in the bladder, it has been demonstrated in a murine cerebral ischemia-

reperfusion model and an in vitro model of LPS-induced liver injury [145,146]. TLR4 is 

key in the present model because LPS activates TLR4 to mediate its inflammatory 

effects, including in bladder epithelial cells [147]. BCP is thought to interfere with TLR4 

signaling by suppressing nuclear factor-κB (NF-κB), a transcription factor that increases 

the expression of proinflammatory cytokines, while also activating the MAPK pathway, 

as is commonly seen with CB2 receptor activation [145].  

Beyond CB2, there could be additional receptors contributing to the anti-

inflammatory effects of BCP, such as PPARγ. As discussed in the introduction, BCP has 

shown anti-inflammatory effects in a model of vascular inflammation through activation 

of PPARγ in conjunction with CB2 [106]. PPARγ involvement in BCP’s anti-

inflammatory effects has also been observed on diet-induced neuroinflammatory 

parameters, including TNF and iNOS [148]. While PPARγ involvement has not been 

confirmed in cystitis, a study examining the anti-inflammatory effects of BCP in a model 

of UTI indicated that BCP reduced signs of inflammation in the bladder, but that these 

changes were not reversed with administration of AM630, indicating that mechanisms 

other than CB2 activation must be contributing to BCP’s anti-inflammatory effects in 

bacterial cystitis [140]. However, it is important to consider that in an infectious model 

like UTI, BCP could also be mediating anti-bacterial effects, which are not a factor in 

LPS-induced inflammation. Evidently, more work is necessary to fully characterize all 

the receptors contributing to BCP’s effects on inflammation. 

It is also possible that the components of the phytosome are contributing to and 

even enhancing these anti-inflammatory effects. As noted in the results, the IC animals 

that received the empty phytosome had leukocyte adhesion levels and histology scores 

that fell between, but did not differ significantly from, both corn oil-treated and 

phytosomal BCP-treated IC. If the phytosomal components were simply inert, we would 

expect to see very similar results to the corn oil-treated IC group, but this was not the 
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case. This effect could be due to one of the primary components of the phytosome, 

phosphatidylcholine [128]. Orally administered phosphatidylcholines have demonstrated 

anti-inflammatory effects, including a reduction in leukocyte adhesion, in a rat model of 

arthritis. This arthritis study also found a reduction in leukocyte infiltration into the knee, 

which was accompanied by a decrease in ICAM-1 expression [149]. These results align 

with what we saw in the empty phytosome-treated groups, although our effect was not 

significant. Beyond their effects on immune cells, phosphatidylcholines have also 

restored intestinal barrier function after liver injury in rats [150], which is an important 

consideration given that reduced barrier function is an important driver of IC 

pathophysiology. In terms of the present study, the ability to repair organs and restore 

barrier function would be reflected in histology scores, which appeared lower when IC 

mice were given the empty phytosome. Overall, phosphatidylcholines have demonstrated 

anti-inflammatory effects similar to those we observed and merit further study for their 

applications in IC/BPS. 

We did not see changes in leukocyte rolling and capillary perfusion, which were 

our secondary IVM parameters, but this does not necessarily contradict the anti-

inflammatory effects discussed above. The lack of change to both leukocyte rolling and 

capillary perfusion is in line with other studies that used IVM to evaluate LPS-induced 

changes in the bladder microcirculation. Kowalewska et al. did not see any changes in 

leukocyte rolling 4 hours after administration of 1 mg/kg of LPS [151]. While this is a 

shorter timepoint than the present study, these authors also used a larger concentration of 

LPS. Although Berger et al. saw changes in capillary perfusion with the same 

concentration of LPS as the present study, their endpoint was only 2 hours after LPS 

administration [89], which is considerably shorter than our 24-hour endpoint. Conversely, 

Hagn et al. did not see any significant changes in capillary perfusion using the same LPS 

concentration and timepoint as Berger et al. [152]. Since the present study found that 

0.375 mg/kg of LPS was not enough to induce a significant change in leukocyte rolling 

and capillary perfusion after 24 hours, there was no effect in these parameters for BCP to 

treat. 

We also did not see any changes in bladder IL-6 levels, including in untreated IC 

animals. IL-6 is an important parameter in a model of IC because it is a pro-inflammatory 
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cytokine whose levels are associated with more severe inflammation in IC/BPS patients 

[38]. Since not all of the inflammatory parameters examined in the present study were 

altered upon LPS administration, it is possible that this is a true effect, and that 0.375 

mg/kg of LPS is not sufficient to induce changes in IL-6 levels after 24 hours. However, 

the findings in the literature on IL-6 expression in the bladder tissue after inflammatory 

stimuli would suggest otherwise. Li et al. found that protein levels of IL-6 in the bladder 

were shown to be upregulated in protamine/LPS-induced IC after 24 hours [153]. 

Conversely, using a model of UTI rather than LPS-induced inflammation, Dickson et al. 

were unable to detect IL-6 in bladder tissue after 24 hours [140]. However, their lack of 

IL-6 in the bladder tissue could be due to the choice of model, as the strain of 

uropathogenic E. coli the authors used is known to suppress IL-6 expression, especially 

when compared to LPS-induced inflammation [154]. Therefore, it is unexpected that we 

would not see a change in IL-6 levels in the bladder upon stimulation with LPS. 

It is important to note that the experimental conditions for bladder tissue 

processing in this project were not ideal. Adding a protease inhibitor to the extraction 

buffer is recommended as standard protocol [155], however in the present study, a 

protease inhibitor was added following tissue homogenization rather than preceding it. 

Although the samples were kept on ice between steps, the protein could have degraded 

during or directly following the homogenization step. Given the variation in protein 

levels within groups and the findings from other, similar literature discussed above, the 

late addition of the protease inhibitor seems to be the most likely explanation for the low 

bladder IL-6 levels we observed. 

 

4.2 Phytosomal Beta-Caryophyllene as a Treatment for Pain Associated with 

Bladder Inflammation 

 The second main objective of this study was to evaluate the analgesic effects of 

phytosomal BCP. This was examined using behaviour scoring, which evaluated non-

evoked pain, and von Frey aesthesiometry, which evaluated evoked pain tolerance. We 

saw a significant increase in behaviour score, indicating increased pain, 24 hours after 

LPS administration. This effect was reversed when mice were pre-treated with 

phytosomal BCP. We saw a reduction in evoked pain tolerance with von Frey 
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aesthesiometry in the untreated LPS group, but this reduction was not altered with 

administration of phytosomal BCP. This difference in evoked pain tolerance was 

significant when comparing only the untreated LPS group to the sham group, indicating 

that overall pain levels were low and that perhaps our method of von Frey is not ideal for 

evaluating pain in this model. 

The decreased pain demonstrated by phytosomal BCP-treated mice via behaviour 

scoring indicates that BCP decreases inflammatory pain. Overall pain levels were not 

particularly high, as untreated IC mice demonstrated an average score increase of 4 out of 

a total possible increase of 30. However, pain levels were significantly increased 

compared to both sham and treated mice, indicating that phytosomal BCP was still able to 

treat this modest level of pain. Additionally, these pain levels make sense considering the 

modest, but significant, signs of inflammation demonstrated in the IVM and histology 

studies.  

The decrease in behaviour score with BCP treatment we observed is also reflected 

in the literature that examined BCP’s effects on pain in other models. For example, 5 

mg/kg of oral BCP was effective at reducing behavioural signs of formalin-induced 

inflammatory pain in the hindpaw [97]. In a study similar to the present work, researchers 

found that oral BCP significantly reduced behavioural signs of pain compared to control 

2 hours after LPS administration. While this study seemed to produce higher pain levels 

after IC induction compared to the present study, BCP was also not able to fully reverse 

the LPS-induced pain, as the BCP-treated group still had significantly increased pain 

levels compared to non-IC controls [89]. 

One potential mechanism for the pain-relieving effects of BCP we observed is 

CB2 receptor activation. As discussed in the introduction, BCP is known to activate CB2 

to decrease inflammation, which leads to analgesic effects. For example, BCP was shown 

to attenuate neuropathic pain in a CB2-dependent manner, as administration of AM630 

reversed BCP’s effects on mechanical allodynia [90]. Another study found that the pain-

relieving effects of BCP were not CB2-dependent in the bladder, but considering that this 

was in a murine model of UTI, BCP’s antibacterial effects are likely contributing to its 

analgesia [140]. Therefore, although CB2 activation is one potential mechanism, it is not 

clear whether this is the primary source of BCP’s analgesic effects 
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BCP also mediates local anaesthetic effects [111], which could contribute to the 

analgesia observed in the present study, as systemic administration of local anaesthetics 

can be an effective strategy for pain relief. For example, intravenous administration of the 

local anaesthetic lidocaine is an effective strategy to reduce postoperative pain [156]. 

While BCP’s local anaesthetic effects are not as well-characterized as lidocaine’s, both of 

these substances have been reported to act on sodium channels, which is one mechanism 

by which local anaesthetics can produce pain-relieving effects [105,156].  

As discussed in the introduction, it is also possible that TRPV1 and/or PPARα 

could be contributing to BCP’s analgesic effects. Black pepper seed extract containing 

30% BCP effectively reduced pain through CB2, TRPV1, and PPARα activation [105]. 

These findings were supported by molecular docking studies that predicted strong 

binding affinity with the agonist-binding sites of all three of these receptors. Overall, 

CB2 activation is a known mechanism by which BCP mediates its analgesic effects, but 

the potential contribution of additional receptors requires further study. 

 Beyond the effects of BCP alone, it is important to consider how the phytosome 

may have contributed to the analgesic effects. We saw an insignificant reduction in pain 

in the empty phytosome group, mirroring the effect seen when examining inflammation. 

Evidently, the phytosome could have helped facilitate the delivery of BCP into the 

circulation, as we hypothesized. However, again, it is important to consider that the 

phytosomal components may be contributing to this effect. The analgesic effects of 

phosphatidylcholines alone are largely unclear. One study into local anaesthetics found 

that their empty liposome vehicle, made of phosphatidylcholines from an egg, showed no 

analgesic effect when evaluated by aversive response to rat upper lip pinching [157]. 

However, another study that examined the effect of oral phosphatidylcholines in arthritis 

found that pain tolerance, as measured by hindlimb von Frey aesthesiometry and the 

thermal paw withdrawal, was significantly increased with treatment [149]. Given this 

evidence in conjunction with the results of the present study, it seems that the analgesic 

effect of the phytosome alone is simply a side effect from the small reduction in 

inflammation observed with this treatment condition, but further research is required to 

confirm the exact mechanism. 
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Despite seeing a clear effect on behaviour scoring, the results were less 

straightforward when we examined evoked pain tolerance using von Frey aesthesiometry. 

We saw no significant differences in the force tolerated between groups with a one-way 

ANOVA. We did see a modest reduction in force tolerated upon LPS administration, 

which indicates an increase in pain, but we did not see any significant differences 

between any of the other groups. In addition, we saw a large amount of variation within 

groups. This could be due to a number of reasons. First, it is possible that there was not 

enough inflammation to cause a large enough difference in pain tolerance to treat. 

Although there was a significant increase in inflammatory measures, these changes were 

not particularly large. We observed a significant reduction in evoked pain tolerance in the 

untreated LPS group using a t-test, which does not take into account the results from the 

empty phytosome or phytosomal BCP groups. This is in contrast to results seen by Berger 

et al., who used the same LPS dose as the present study but a shorter timepoint. Their 

study did not find a significant decrease in force tolerated with LPS administration as 

measured by von Frey, but they did find that oral administration of BCP in IC mice 

significantly increased the force tolerated to the bladder compared to untreated IC 

controls [89]. Interestingly, another study found that IL-6 stimulation in a model of IC 

resulted in increased sensitivity to abdominal stimulation by von Frey [158]. We did not 

see an increase in IL-6 levels in the present study and we also did not see a change in 

evoked pain tolerance, which fits with this association.  

Our particular method of von Frey aesthesiometry could also be contributing to 

the lack of difference seen between most groups. We were particularly interested in 

whether the pain was localized to the bladder, and thus decided to apply force to the 

lower abdomen rather than employing the more widely used hindpaw method of von Frey 

[159–161]. Since the lower abdomen is a relatively large area, it is difficult to ensure that 

the same spot is poked each time, which could be contributing to the variability seen 

within groups. This is similar to results seen in the UTI study by Dickson et al., where 

abdominal von Frey results were somewhat variable within groups, especially 6 hours 

after infection [140]. However, earlier studies found that abdominal von Frey was a 

reliable measure of pain, as both Berger et al. and Hagn et al. used the same method and 

observed consistent results within groups [89,152].  
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Finally, it is possible that the pain in our model was not localized directly to the 

bladder. Since both Berger and Hagn used a 2-hour model of IC, perhaps by 24 hours 

after induction the pain sensation is not concentrated directly over the bladder. This is not 

what we expected since our model used a local instillation of LPS, however, this would 

explain the discrepancies seen between the behaviour scoring and von Frey. Supporting 

this, the localization of visceral pain generally tends to be diffuse [162]. Alternatively, if 

the pain is truly localized to the bladder, given the difficulties with abdominal von Frey 

discussed above, perhaps we are not able to accurately hit the small area where the pain is 

located each time. However, this accuracy explanation does not explain why other 

models of IC found this technique to be reliable. Therefore, the true reason for the 

variation in von Frey data is likely a combination of all the theories discussed above.   

 

4.3 Effect of Beta-Caryophyllene and Lipopolysaccharide on 5637 Bladder 

Epithelial Cells 

4.3.1 Cell Viability 

 Since the in vivo experiments indicated that phytosomal BCP decreased bladder 

inflammation and associated pain, the final objective was to examine in vitro how BCP 

was acting on bladder epithelial cells, as they are an important player in driving bladder 

inflammation. We saw no changes in viability after one hour in the selected cell line for 

all of the LPS and BCP concentrations tested, indicating that all of the concentrations 

tested would be suitable for further study.  

The 3-hour timepoint produced more varied results in terms of viability. Like the 

1-hour timepoint, none of the LPS concentrations significantly altered viability, which 

indicated that they were all suitable for future assays. However, the higher BCP doses 

(250 and 500 µg/ml) did significantly reduce viability and were thus excluded from 

further study, as a reduced number of cells would be a confounding factor for the quantity 

of inflammatory mediators released. BCP is well-tolerated in vivo, with an estimated 

LD50 of over 5000 mg/kg body weight in rats [100]. 500 µg/ml of BCP has shown some 

cytotoxic activity in fibroblasts, however the authors only observed about 18% 

cytotoxicity after 24 hours [99]. This is a much shorter timeline and far less cell death 
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than the present study, albeit in a different cell line. Therefore, cell death in response to 

BCP was not a result that we anticipated.  

BCP primarily acts through CB2 activation, but the role of CB2 activation in cell 

death varies depending on the study. For example, the CB2 receptor agonist AM1241 

increased expression of apoptotic proteins in the liver (and this effect was reversed with 

administration of AM630), while THC-mediated cytotoxic effects were shown to be 

independent of both CB1 and CB2 activation in leukemia cell lines [163,164]. 

Interestingly, despite their contradictory findings regarding the role of CB2 activation in 

cell death, both of these studies found that the MAPK pathway was involved, and that 

specifically decreased expression of ERK was associated with apoptosis. BCP is also 

known to mediate anticancer effects in a number of cancer cell lines, including the 5637 

bladder cells used in the present study [99,165,166]. In a study that examined the effects 

of 5-80 µg/ml of BCP on 5637 cell viability, researchers found that all of the BCP doses 

tested reduced viability after 24 hours. This reduction in viability occurred because BCP 

increased the expression of reactive oxygen species and induced apoptosis [165]. Since 

the cell line used in the present work is from a bladder carcinoma and has shown 

vulnerability to the anticancer effects of BCP, it is likely impacted by these effects when 

sufficient BCP is present (such as at doses of 250 and 500 µg/ml), which would cause the 

clear reduction in viability we saw at higher BCP doses after 3 hours. 

 

4.3.2 Inflammatory Mediator Release 

After we determined which concentrations of LPS and BCP did not impact 

viability at our chosen timepoint, we moved forward to determine which of these LPS 

concentrations altered NO and IL-6 release, as this would provide an inflammatory signal 

for BCP to alter. However, none of the LPS concentrations tested significantly changed 

the cells’ release of these inflammatory mediators after one hour, which prompted us to 

extend the timepoint. Although there is a fair amount of variation in endpoint time and 

inflammatory trigger used between studies, since LPS is a widely used inflammatory 

trigger, we expected to see some change in NO or IL-6 release. Since we did not, we 

decided that moving to a longer timepoint made the most sense, as most likely our cells 

did not have sufficient time to produce a detectable quantity of inflammatory mediators. 
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Many studies take the first measurement of inflammatory mediators at least 2-4 hours 

after administration of the inflammatory stimulus [167–169], so we selected 3 hours as 

our timepoint for subsequent studies. 

Unlike the 1-hour timepoint, we did see changes in inflammatory cytokine levels 

after 3 hours. In particular, IL-6 and IL-8 were increased in response to LPS, which was 

expected. 5637 cells have been shown to produce IL-6 and IL-8 2-3 hours after infection 

with E. coli [169]. More importantly, these cells also produce significant amounts of IL-6 

and IL-8 after 3 hours with varying concentrations of E. coli LPS [167,169], so our 

findings fit with the existing literature. This response is also a good model for IC 

presentation in patients, as they tend to show elevated levels of IL-6 and IL-8 in their 

urine and blood [38,170].  

In our cytokine studies at the 3-hour timepoint, BCP treatment did not 

significantly impact the levels of IL-6 and IL-8. BCP is known to decrease levels of IL-6 

in LPS-stimulated human oral mucosa epithelial cells through a CB2-dependent 

mechanism [171]. BCP’s effect on IL-8 is less well-characterized, but one study found 

that extract from the plant Helichrysum odoratissimum, which contains BCP as one of its 

major constituents, effectively reduced IL-8 levels in an in vitro model of acne [172].  

Although not significant, treatment with 50 and 100 µg/ml of BCP appeared to 

increase the release of IL-6 and IL-8. It is possible that the unexpected results in cytokine 

levels are due to the fact that these cells are a carcinoma cell line rather than a primary 

cell line, so their cytokine secretion could be altered compared to primary cells. In fact, 

5637 cells have shown increased release of colony-stimulating factors compared to 

primary urothelial cells [173]. However, as discussed above, other studies using 5637 

cells have been able to detect inflammatory cytokines like IL-6 and IL-8 after stimulation 

with LPS [167,169]. Alternatively, the difference in cytokine levels could also be due to 

differences in the timing rather than the quantity of cytokine release, as BCP could have 

altered the cytokine release kinetics in these cells (Figure 26). Since we captured cytokine 

levels at a single timepoint, we do not have the full picture of cytokine release over time 

in these cells. Perhaps BCP treatment shifted the kinetics of IL-6 and IL-8 release so that 

their levels peaked earlier, giving the appearance of increased cytokine release, when in 

fact only the timing of cytokine release was altered. The opposite effect could have also 
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occurred, as BCP treatment could have also delayed cytokine release. Evidently, further 

study is needed to fully characterize BCP’s effect on IL-6 and IL-8 release in 5637 cells. 

In contrast to IL-6 and IL-8, we were unable to detect TNF in any of the groups 

after three hours. TNF is an important inflammatory cytokine that has been shown to be 

elevated in the urine of IC patients [174]. We expected that TNF would be elevated upon 

stimulation with LPS, as Wang et al. found that 10 µg/ml of LPS stimulation in 5637 cells 

resulted in elevated TNF levels compared to control [175]. TNF is one of the earliest 

cytokines released in the inflammatory process and drives the secretion of other pro-

inflammatory factors like IL-6 and IL-8 [176,177], so it should be elevated in response to 

an inflammatory stimulus like LPS. However, is possible that any TNF that was produced 

was already degraded after 3 hours, as it in vivo studies have found that this cytokine has 

a half-life of less than an hour in the circulation [178]. In addition, given the unexpected 

results we observed for IL-6 and IL-8, it is possible that TNF signalling is altered in this 

cell line. Contradicting both of these theories, Wang et al. found that TNF levels were 

detectable in all groups and significantly increased in response to LPS after 24 hours 

using the same cell line and LPS concentration as the present study [175]. However, that 

study did not specify the species or serotype of LPS used, and the bacterial source of LPS 

is known to affect the inflammatory response [151,179], which could account for the 

discrepancies with the present work.  

Similar to the results from the one-hour model, the levels of NO after three hours 

were again far below what the kit would detect. However, our findings contrast with 

results from other similar studies. Lin et al. found that nitrite, the stable product of NO 

oxidation, was both detectable in 5637 cells and elevated in response to E. coli infection 

after 2 hours [180]. Other studies using LPS on different bladder cell lines used longer 

timepoints, where T24 cells showed detectable levels of NO 24 hours post-LPS 

stimulation and frog bladder epithelial cells showed detectable levels beginning about 5 

hours post-LPS stimulation [181,182]. Some studies have even seen changes in response 

to BCP using 5637 cells, with 40 µg/ml of BCP producing an increase in reactive oxygen 

species after 24 hours [165]. While BCP and LPS act through different receptors and 

typically mediate opposing effects, perhaps we would have seen increased NO production 

in response to LPS with a longer timepoint.  
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A different LPS concentration may have also increased NO production. None of 

the LPS concentrations we tested reduced viability at either timepoint. Therefore, it is 

possible that a larger concentration of LPS could be used without negative repercussions 

on viability, and a larger concentration of LPS could be enough to induce a detectable 

amount of NO release. Nikolaeva et al. did find that nitrite released increased with 

increasing LPS concentrations [182]. In addition, Wang et al. observed an increase in 

reactive oxygen species in 5637 cells after 24 hours of incubation with 10 µg/ml of LPS 

[175]. While this is the same LPS concentration as the present study with a longer 

observation period, if 5637 cells remained viable for a 24-hour period using our largest 

concentration of LPS, they would likely remain viable for a 3-hour period using an even 

larger concentration of LPS. Overall, when considering our NO results in conjunction 

with the existing literature, it seems that 5637 bladder epithelial cells do not release large 

amounts of NO in response to 0.5-10 µg/ml of LPS after 1-3 hours, but that perhaps a 

longer timepoint or larger LPS concentration is required to produce detectable results.  

Taken together, the results in the in vitro model indicate that although release of 

these inflammatory mediators are important indicators of disease in IC, the overall 

inflammatory response is low in vitro, and it is unlikely that the therapeutic principle of 

the in vivo effects is due to BCP is acting directly on the urothelial cells. 
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Figure 26. Potential impact of phytosomal BCP on cytokine release kinetics in 5637 

urothelial cells. 

In both panels, treatment with phytosomal BCP reduces the cytokine levels. However, the 

timing of the measurement makes it appear as though treatment increases cytokine levels, 

as the treatment also shifts the timing of peak cytokine levels to later (panel A) or earlier 

(panel B) than the untreated group. Created with BioRender.com.  

A 

B 
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4.4 Limitations 

This study had some limitations. The main limitations are related to the ability to 

model IC in vivo, the generalizability of a 24-hour timepoint to a chronic disease, the 

ability to evaluate pain responses in an animal model, the generalizability of the in vivo 

findings, and the ability to create an in vitro model that can be easily correlated with the 

results in vivo. While these limitations do not negate the results of the present study, they 

are important to consider when interpreting its results. 

As with any animal model, it is impossible to fully capture the presentation and 

pathophysiology of the disease. IC is an especially difficult disease to model, as its exact 

cause is unknown, so it can be difficult to incorporate every important aspect in one 

model. While the present model is able to show the inflammation and pain associated 

with the disease, the shorter timepoint and choice of inflammatory trigger mean that the 

nervous system adaptations seen in patients do not have time to develop. Our mice also 

do not experience the same social stressors that contribute to the mental health issues that 

IC/BPS patients experience. Therefore, this model can be used only to make conclusions 

about BCP’s potential to improve the inflammation and pain-related symptoms of 

IC/BPS. 

The timepoint of this particular model also makes extrapolating the results to a 

chronic disease difficult. This study was intended as a preliminary investigation into the 

effectiveness of a novel formulation of BCP for oral delivery, so the 24-hour endpoint 

was suitable for this purpose. However, symptoms of the target disease persists for 

months and years. Therefore, although we saw anti-inflammatory and analgesic effects 

over the study’s duration, further work is needed to ensure that these effects continue for 

the longer time periods required to treat IC. 

The accurate evaluation of pain responses in an animal model can also limit the 

generalizability of pre-clinical work. Mice are unable to communicate relative pain levels 

the way a person can, which means that we must rely on outward responses to capture an 

internal experience. While we tried to capture this by using multiple strategies to evaluate 

pain, there are a multitude of other methods that could have been used instead of the 

methods chosen, and these alternative methods could have been more sensitive at 

capturing the pain response. In addition, while care was taken to minimize bias, the 
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nature of completing the experiments and analysis independently makes this difficult. 

Especially with the more subjective criteria for the pain and behaviour studies, it is nearly 

impossible to entirely eliminate unconscious biases. However, to combat this as much as 

possible, behaviour videos were recorded, and a random sample of these videos was 

verified by an independent evaluator. 

Since this study was completed using only female mice, the results can also only 

be generalized to a female population. As with most research, sex-specific effects are 

potentially relevant and should be closely examined before generalizing the results to a 

male population. Although IC/BPS is more common in women than in men, both sexes 

are impacted by the disease and are in need of novel treatment strategies [1,20,21]. While 

examining in a female population allowed us to generalize to most of the IC/BPS patient 

population, future work should be done to ensure that the effect of BCP on bladder 

inflammation and pain holds true in males. 

While the in vitro studies aimed to understand BCP’s effects on the bladder tissue 

directly, again, this model had some limitations. The particular cell line we used is 

isolated from a patient with carcinoma. While this is generally suitable for modelling, it is 

possible that this cell line has altered signaling behaviour compared to a primary 

urothelial cell line. Various tumor cell lines have shown differences in their internal 

signalling pathways, including pathways related to cell communication and metabolism 

[183]. As discussed above, we saw some unexpected results when examining the release 

of pro-inflammatory mediators, including a lack of NO release at either timepoint. 

Altered signalling could also explain why BCP was ineffective at reducing the production 

of pro-inflammatory cytokines, as the concentrations of LPS and BCP used in the treated 

assays did not reduce viability at the same timepoint.  

Even with an ideal cell line to model the bladder, determining the correct dose of 

BCP that correlates with the in vivo experiments is difficult. Although we know how 

much BCP is given to each mouse, we do not know how much of this actually reaches the 

bladder, as this would require an in-depth study of phytosomal BCP’s pharmacokinetics 

after oral administration, which has not yet been completed. In addition, while we wanted 

to understand BCP’s effects on the urothelium, our model is missing the potential 

contribution from the phytosome. As discussed above, an in vitro model that most 
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accurately incorporated the phytosomal components would require a clear understanding 

of the pharmacokinetics of phytosomal BCP, but even a preliminary model would be 

beneficial in understanding the mechanism of phytosomal BCP.  

 

4.5 Future Directions 

 This research could be taken in a number of directions moving forward. Future 

work is needed to characterize the absorption and metabolism of the phytosomal 

formulation, to examine the effects of phytosomal BCP over a longer time period, to 

examine potential sex differences, and to explore additional applications of the 

formulation beyond an oral route of administration. In addition, the path to clinical use 

should be considered so that this treatment can reach patients as soon as possible. 

 Importantly, the pharmacokinetics of phytosomal BCP should be definitively 

examined. While we saw clear anti-inflammatory and analgesic effects in vivo, the 

contribution of the phytosome should not be ignored, as even the empty phytosome 

showed a similar, albeit non-significant, effect. A clear understanding of how the 

phytosomal formulation is absorbed, distributed, metabolized, and excreted would help 

clarify how the phytosome contributes to these effects observed in the present study. This 

understanding would then facilitate appropriate dosing of phytosomal BCP in patients 

and would additionally aid in applying this strategy to other phytochemicals. 

A longer timepoint or chronic model is an important next step, as this would 

produce findings that are more applicable to IC patients. While shorter timepoints like 

that used the present study are necessary for preliminary investigations, additional pre-

clinical studies are needed before phytosomal BCP can be given to patients. Studying this 

treatment at a longer timepoint would likely require a different model of IC induction 

than the present study, as the inflammation would need to persist for the entire study 

duration. One way to ensure prolong inflammation is to administer multiple instillations 

of LPS, as Yoshizumi et al. found that daily intravesical instillation of LPS over a period 

of four days in rats produced detectable signs of pain and inflammation for up to 21 days 

after the first instillation [184]. Alternatively, intravesical hyaluronidase could be used, as 

this inflammatory stimulus produced significant bladder inflammation in rats when 

administered multiple times per week over a period of one-to two months [185]. i.p.  
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injections of ketamine can also be used for long-term cystitis models, as Li et al. saw an 

increase in bladder inflammation after 8-12 weeks of daily injections [186]. 

As mentioned in the limitations section, expanding this study to male mice would 

also be important in translating this research into patients. While much of the older 

literature posits that IC/BPS is overwhelmingly found in women, more recent sources 

indicate that the number of men with this disease is much closer to the number of women 

than previously anticipated [9,20,21,187]. Beyond the need to ensure that treatments can 

be applicable to multiple patient populations, there is always the potential for sex 

differences in response to a particular disease or compound, and sex differences have 

been observed in studies examining BCP’s effects. In a model of inflammatory pain, 

males experienced greater analgesia with BCP treatment compared to females [188]. 

However, in a model of skin wound healing, females treated with BCP showed a 

significant increase in re-epithelialization, while males showed no change compared to 

untreated controls [189]. Given these conflicting results regarding BCP’s effectiveness 

between sexes, sex differences are important to consider when designing future studies 

into BCP’s effects in IC. 

 Examining phytosomal BCP as an intravesical treatment could also prove to be a 

promising avenue. Intravesical liposomes are an emerging treatment avenue for IC/BPS 

and are thought to both protect and repair the damaged urothelium [32]. Since 

phytosomes are structurally similar to liposomes and are made of an important 

component of the cell membrane [128], it stands to reason that the phytosome itself could 

provide benefits in addition to acting as a vehicle for BCP. As discussed in the 

introduction, many common IC/BPS treatments are administered intravesically, so this is 

considered a standard route of administration of treatments for this condition. In addition, 

intravesical and oral treatments can be combined, as is the case with PPS [1]. Therefore, 

the anti-inflammatory and analgesic effects of oral phytosomal BCP could be enhanced 

by additionally administering the formulation intravesically. 

Finally, it is important to consider what steps are needed get this potential 

treatment to patients. Additional pre-clinical studies, such as those discussed above, 

would be necessary to further characterize phytosomal BCP’s effects. However, it would 

also be important to connect with those involved with the commercialization of research, 
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such as industry partners, manufacturers, and regulatory bodies, to ensure that this 

treatment can become accessible to clinicians and patients as quickly as possible. 

 

4.6 Conclusions 

In conclusion, we found that the novel phytosomal formulation of BCP is 

effective at reducing leukocyte adhesion and extravasation in the microvasculature of the 

bladder wall and attenuating behavioural signs of pain in experimental IC in vivo. The 

observed anti-inflammatory and analgesic effects of oral phytosomal BCP represent a 

potential novel avenue for the treatment of patients with IC. 
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