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Background: Chronic bladder pain in interstitial cystitis often persists without overt inflammation, highlighting the need
for physiologically relevant experimental models and effective non-opioid therapies. Objective: This study aims to evaluate
the impact of persistent inflammation on bladder pain using an LL-37—-induced murine model of interstitial cystitis/painful
bladder syndrome (IC/PBS). We hypothesized that chronic pain could develop independently of ongoing inflammation and
that a sulfated glycosaminoglycan ether (SAGE) compound could attenuate the pain and inflammation elicited by LL-37.
Methods: Female C57BL/6 mouse bladders were instilled biweekly with 80 uM LL-37, a human antimicrobial peptide with
immunomodulatory properties, for 1 h over four weeks. The analgesic efficacy of SAGE GM-0111, a sulfated hyaluronic
acid derivative, was assessed by intravesical instillation immediately prior to LL-37 exposure. Pain responses were quantified
using von Frey filaments (0.04—4.0 g). Inflammation and fibrosis were evaluated via myeloperoxidase and total collagen
assays, gross examination, and histological analysis. Results: LL-37—treated animals exhibited significantly elevated pain
responses (98.00 + 0.42% positive response) compared to repeated saline controls (55.00 + 3.80%; p < 0.001) and SAGE
GM-0111-treated animals (54.17 + 3.28%; p < 0.01). Despite pronounced hyperalgesia, no significant inflammation or
fibrosis was detected by myeloperoxidase and collagen assays or histological evaluation. Conclusion: Repeated intravesical
LL-37 administration induces a chronic pain phenotype that closely models human IC/PBS, wherein bladder pain occurs
independently of overt inflammation. Furthermore, SAGE GM-0111 exerts significant analgesic effects in this model. This
platform provides a valuable tool for elucidating mechanisms underlying bladder pain in IC/PBS, particularly in cases lacking
evident inflammation or fibrosis.
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1. Introduction
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Interstitial cystitis/painful bladder syndrome (IC/PBS)
is a debilitating chronic condition that predominantly
affects women and substantially impacts quality of life. At
present, it has limited effective treatment options.'® Despite
characteristic symptoms, many IC/PBS patients exhibit no
significant cystoscopic findings.” The etiology of IC/PBS is
poorly understood, and current theories include a defective
glycosaminoglycan (GAG) layer that allows infiltration of
inflammatory compounds from the urine into the urothelium,
autoimmunity with chronic mast cell activation, and non-
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resolving neurogenic inflammation.®°

Interstitial cystitis/painful bladder syndrome is a chronic
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disease, and, unfortunately, most research models are acute in
duration, with the total study period from model creation to
treatment outcome usually lasting less than seven days. The
ability to repeatedly access the bladder is a challenge with most
chemical-insult-based models, such as mustard oil, croton oil,
turpentine, protamine sulfate, acetic acid, hydrochloric acid,
xylene, or cyclophosphamide.!! These chemical-induced
cystitis approaches create profound inflammation, making
repeated catheterization for intravesical access problematic,
and their overall physiological relevance remains unclear.
Therefore, generating a chronic model of IC/PBS-like bladder
pain is necessary to advance our understanding of IC/PBS and
to assess the effectiveness of new therapeutic interventions.

LL-37, a human antimicrobial peptide, is implicated in
chronic inflammation in numerous organs, including the lungs,
skin, bladder, bowel, and eyes.'*" It is naturally produced in
the urinary tract and is elevated in patients with neurogenic
bladder conditions, bladder outlet obstruction, or chronic
urinary tract infections.'* Our previous work has shown
that LL-37 induces acute, dose-dependent local pain and
inflammation in the bladder while mimicking key aspects
observed in IC/PBS patients, including mast cell activation,
inflammatory infiltrates, voiding dysfunction, and suprapubic
pain.2'2

However, IC/PBS can also present with pain in the
absence of histologic changes or distinct inflammatory
features.!"* Based on observations of a dose-dependent pain
and inflammatory response to LL-37,*' we hypothesized that
LL-37-induced cystitis could be used to create a chronic
cystitis model mimicking human IC/PBS, in which bladder
pain frequently occurs independently of inflammation.

Pain and discomfort are defining symptoms for IC/PBS
and are primary issues that successful therapy must address
with treatment approaches. Current therapeutic strategies
for IC/PBS largely focus on reconstituting the bladder’s
GAG barrier or providing symptomatic pain relief.?* Local
anesthetics and neuromodulator agents—such as lidocaine or
botulinum toxin—can transiently reduce discomfort but fail to
promote urothelial repair or resolve an ongoing inflammatory
process.”>?8 Pentosan polysulfate, a commonly prescribed
therapeutic GAG, does not directly address inflammation
or pain signaling.”” These limitations highlight the need for
therapeutics capable of simultaneously restoring urothelial
integrity, suppressing inflammation, and alleviating pain.

Intravesical administration of semi-synthetic sulfated GAG
ethers (SAGEs) may address the limitations of existing GAG
therapies by combining urothelial barrier repair with robust
anti-inflammatory and analgesic activity.” SAGEs exhibit
a range of bioactive properties that extend beyond passive
barrier restoration and include modulation of inflammatory
signaling pathways.?**! Through these mechanisms, SAGEs
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have demonstrated the capacity to dampen inflammatory
injury across diverse mucosal tissues and other diseases,
including interstitial cystitis,**? periodontal disease,**3*
rosacea,’! and smoke-induced lung inflammation.**

These findings suggest that SAGE-based therapies may be
especially well suited for conditions such as IC/PBS, where
epithelial dysfunction, persistent inflammatory signaling,
and pain can occur independently of overt histopathology.
Based on these properties, we selected SAGE GM-0111
for evaluation in the present LL-37—-induced cystitis model
to determine whether its combined barrier-protective and
anti-inflammatory actions could mitigate bladder pain and
dysfunction in a model that reflects key clinical features of IC/
PBS. We hypothesized that SAGE GM-0111 is a potentially
effective therapy for a chronic LL-37-induced cystitis model
for IC/PBS that can help prevent both pain and inflammation.

2. Materials and methods
2.1.LL-37-induced cystitis model

LL-37 (single-letter amino acid sequence: LLGDFFRKSKEK
IGKEFKRIVQRIKDFLRNLVPRTES) was synthesized
by the DNA/Peptide Synthesis Core at the University of
Utah and purified using preparative high-performance
liquid chromatography. SAGE GM-0111 was obtained from
Glycomira Therapeutics Inc. (United States of America
[USA]). All experiments were approved and conducted in
accordance with the University of Utah Animal Care and Use
Committee (Protocol number: 1106010).

Animals were housed under standard conditions with a 12-
hour light/dark cycle and had unrestricted access to food and
water. Mice were randomly assigned to experimental groups
and group-housed whenever feasible. All procedures were
conducted during the light phase, either within the animal
care facility or in a designated procedure room. Cages were
bedded with Paperchip® (Shepherd Specialty Papers, USA),
and environmental enrichment was provided using Enviropak
Nestpak® containing envirodri® (Fibercore, USA). Animal
health and welfare were monitored daily by a veterinarian or
trained veterinary technician. The number of animals required
for each study was determined based on the minimum number
necessary to obtain adequate statistical power, and no animals
were excluded.

Female C57BL/6 mice (8—10-week-old; n = 36) were
randomly assigned to three groups: (i) 80 uM LL-37, (ii) 10
mg/mL SAGE GM-0111 followed by 80 uM LL-37, and (iii)
sterile normal saline as a control (n = 12 per group). Following
induction of anesthesia with isoflurane, mice underwent
transurethral catheterization, through which a saline rinse
was administered, followed by instillation of LL-37, as
reported in previous studies.’>?*333¢ The intravesical solution
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was retained for a dwell period of 1 h. Each instillation was
delivered slowly in a volume of 50 pL to avoid overdistension
of the bladder and prevent vesicoureteral reflux. Catheters
and syringes were maintained in position after delivery to
ensure complete retention of the instilled fluid. For acute gross
assessment, an additional subset of mice was euthanized 24
h after a single intravesical LL-37 instillation, and bladders
were harvested for representative imaging. The chosen
concentration of LL-37 was based on previous experiments
to generate a significant pain response.*

2.2, Assessing bladder pain

To test whether LL-37—induced cystitis yielded chronic pain
independent of inflammation, LL-37 was administered as
described above twice weekly for four weeks, with euthanasia
and tissue harvest on the fifth week post-initial instillation.
For all treatment groups, baseline pain assessments were
performed using von Frey filaments on all mice before their
first catheterization. Post-instillation pain assessments were
performed immediately before sacrifice, five days after the
final instillation of LL-37.

Mice were positioned on a wire-mesh platform within clear
enclosures to permit unobstructed observation. Following a
minimum 10-min habituation period, mechanical allodynia in
the suprapubic area was evaluated using von Frey filaments
corresponding to 0.04, 0.16, 0.4, 1.0, and 4.0 g of stimulation,
according to previously published procedures.?**¢ A sharp
retraction of the abdomen, immediate licking or scratching of
the stimulated area, or a jump was considered a positive pain
response. Both positive and negative responses were recorded
as data points. The investigator conducting the assessments
was blinded to the treatment groups.

Pain assays were completed prior to animal sacrifice and
tissue harvesting. For each stimulus intensity, nociceptive
sensitivity was quantified as the percentage of positive
responses observed across 10 applications per animal. For
each animal, the change in response rate was calculated as
the percentage of positive responses post-challenge minus the
percentage of positive responses during baseline assessment.
Mean changes in response rate at each stimulus intensity
were then used for comparative analysis across the three
experimental groups.

2.3. Tissue collection, gross imaging, histology, and
tissue assays

Bladders were harvested by transecting the urethra and
carefully removing the surrounding connective tissue. The
organs were then hemisected along the median plane and
imaged at 10x magnification using Olympus bx40 (Olympus,
Japan). One-half section of bladder tissue was fixed in 4%
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paraformaldehyde (Sigma Aldrich, USA), and the remaining
half was flash-frozen in liquid nitrogen and stored at =75 + 5
°C until subsequent analysis. The fixed tissue was sectioned
(5 um), mounted on slides, and stained with hematoxylin
and eosin (H&E) or Masson’s Trichrome, then imaged at
200x magnification. Frozen tissues were processed, and
myeloperoxidase (MPO) assays were performed using a
murine MPO kit (catalog no. #HK210 Hycult®Biotech
Inc., USA). Total collagen assays were performed using the
BioVision Total Collagen Assay kit (catalog no. #26-K218-
10 BioVision, USA). Tissue homogenates were centrifuged,
and the resulting supernatant was processed according to the
manufacturer’s instructions.

2.4, Statistical analysis

One-way ANOVA was applied to the MPO and total
collagen assay data. Data suitability for parametric testing
was evaluated using the Shapiro—Wilk test for normality,
and Grubbs’ test was employed to detect and exclude any
outliers. For the pain datasets, two-way ANOVA was applied,
followed by Bonferroni-adjusted post hoc comparisons for
analyses involving multiple groups. Statistical significance
was defined as p < 0.05, with p <0.01 and p <0.005 defined
as highly significant and very highly significant, respectively.
All statistical analyses were conducted using GraphPad Prism
5.0 (GraphPad Software, USA).

3. Results
3.1. LL-37 elicits a chronic pain response

To better understand pain responses in mice exposed biweekly
to LL-37, we evaluated suprapubic pain responses using
mechanical stimulation (Figure 1A and 1B). At baseline, all
mice demonstrated a typical logarithmic response pattern
to stimuli ranging from 0.04 g to 4 g of stimulation (Figure
1C). Repeated catheterization and saline administration
resulted in a minor, albeit not statistically significant, increase
in the pain response rate compared with baseline values
(Figure 1C and 1D). Animals that received 80 pM of LL-37
demonstrated a highly significant increase in pain response
(p <0.01) compared with baseline (Figure 1C). Sensitization
from multiple weeks of LL-37 exposure created a substantial
pain response that was inducible by suprapubic mechanical
stimulation.

To evaluate the impact of SAGE GM-0111 in mice
undergoing repeated bladder exposure to LL-37, we treated
the animals with SAGE immediately prior to each LL-37
instillation over the full course of the study (Figure 1A).
The degree of reduction was significant, bringing the pain
response to near the level of mice that only received saline
(Figure 1C and 1D). Differences between mice that received
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Figure 1. Pain response testing. (A) Schematic timeline of the study showing baseline assessment, biweekly intravesical administration, and treatment.
(B) Schematic illustration of suprapubic assessment of sensitivity to mechanical stimulation used to evaluate pain. (C) Positive response rates of mice
to filaments of varying stiffness (n = 12 per group; baseline values represent pooled baseline scores from all 36 mice). (D) Change in response rate
relative to baseline (n = 12). Error bars represent the standard deviation. *p < 0.05 and **p < 0.01 indicate statistical significance between mice that
received LL-37 alone and those that received LL-37 with SAGE pre-treatment. #p <0.01 and *#p < 0.001 indicate statistical significance for comparisons

between baseline and LL-37—treated mice.

Abbreviations: ELISA: Enzyme-linked immunosorbent assay; MPO: Myeloperoxidase; SAGE: Sulfated glycosaminoglycan ether.

only saline and mice treated with SAGE GM-0111 followed
by LL-37 were not statistically significant. Administration
of SAGE GM-0111 reduced the mean pain response rate by
69% compared to untreated mice (Figure 1D). Overall, SAGE
GM-0111 demonstrated a significant protective effect against
pain sensitization induced by repeated LL-37 insult.

3.2. Inflammation assessment

To better understand how chronic LL-37 insult impacted
inflammation, we performed gross anatomical observation,
histology, and quantified MPO concentration via enzyme-
linked immunosorbent assay (ELISA). LL-37 at 80 uM
produced an acute inflammatory response within 24 h
(Figure 2A). However, five days after the last LL-37 dose,
gross anatomical examination of all mice in the LL-37—
treated group demonstrated no visually apparent signs of
inflammation, with no erythema, edema, or evidence of
hemorrhage (Figure 2B). Microscopically, H&E histology
confirmed the gross observations. Specifically, the histologic
results demonstrated complete preservation of tissue
architecture, with no disruption of the lamina propria, no
polymorphonuclear leukocyte infiltrates, and no other cellular
markers of inflammation (Figure 2B). MPO ELISA was used
to quantify the presence and activity of neutrophils (Figure
2C). The saline control group demonstrated minimal tissue
MPO levels (13.26 = 1.52 ng/mL). The 80 uM LL-37 group

and the SAGE pre-treatment group demonstrated MPO levels
of 12.88 £0.80 ng/mL and 17.77 = 10.72 ng/mL, respectively
(Figure 2C). Quantified tissue MPO levels, an index of
inflammation severity, did not differ between groups. After
four weeks of LL-37 exposure, inflammation was not present
at the observational time point, even without SAGE GM-0111,
as measured by MPO.

3.3. Fibrosis

To assess the impact of LL-37 exposure on bladder fibrosis,
we evaluated bladder tissues using trichrome staining and
total collagen ELISA. Trichrome histology demonstrated no
evidence of abnormal collagen deposition or fibrosis in the
mucosa, submucosa, lamina propria, and bladder smooth
muscle layer in any mice (Figure 3A). These histologic
findings were further substantiated by total collagen assays.
No group demonstrated any significant change in collagen
deposition (Figure 3B). The saline control group exhibited
21.78 £ 6.55 pg/mL of collagen, which was statistically
indistinguishable from the LL-37 group (19.73 + 10.46
pug/mL) and the SAGE GM-0111 treated group (17.37 +
6.79 ng/mL). This data, along with the gross anatomy and
H&E findings, demonstrated no visual pathologic changes,
scarring, or alterations in bladder tissue architecture in any
of the groups.

Bladder | Volume 13 | Issue 1 |
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Figure 2. Bladder inflammation. (A) Representative gross anatomical images of the bladder 24 hours after LL-37 exposure. (B) Representative gross
anatomical images and H&E-stained histological sections of bladders five days after four weeks of biweekly LL-37 exposure (gross images: scale bar
= 5 mm, magnification = 10x; histology: scale bar = 50 um, magnification = 200x%). (C) MPO concentration in bladder tissue (n = 12 per group). Error
bars represent the standard deviation.

Abbreviations: BSM: Bladder smooth muscle; H&E: Hematoxylin—eosin; LP: Lamina propria; LU: Lumen; MPO: Myeloperoxidase; SAGE: Sulfated
glycosaminoglycan ether; SM: Submucosa; U: Urothelium.

Figure 3. Assessment of bladder fibrosis. (A) Masson’s trichrome-stained sections of the bladder wall (scale bar = 50 pm; magnification = 200x). (B)
Bladder collagen content evaluated using a total collagen assay (n = 12 per group). Error bars represent the standard deviation.

Abbreviations: BSM: Bladder smooth muscle; LU: Lumen; LP: Lamina propria; SAGE: Sulfated glycosaminoglycan ether; SM: Submucosa; U:
Urothelium.
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4, Discussion

The findings reveal that repeated intravesical exposure to LL-
37 produces a chronic bladder pain phenotype that persists
in the absence of overt inflammation or fibrosis, and that
prophylactic administration of SAGE GM-0111 significantly
attenuates pain sensitization. This work demonstrates the
feasibility of generating a chronic model of IC/PBS using
repeated intravesical LL-37 exposure. Pain and discomfort
are defining symptoms of IC/PBS and are primary issues
that successful therapy must address through treatment
approaches. We observed that pain was independent of
inflammation in mice treated with LL-37, even after repeated
insults. These findings provide valuable insights for longer-
term studies using LL-37 to create more prolonged chronic
models of IC/PBS, which may be useful for evaluating further
potential therapeutic options.

We postulated that exposure to 80 uM LL-37 for four
weeks would elicit significant cumulative pain without clear
signs or evidence of an inflammatory response. Previous
work in an acute LL-37—induced cystitis model showed that
inflammation peaked after 24 h but was largely resolved by 72
h after insult.?? In this present study, we observed the absence
of ulcerative urothelial lesions, absence of tissue edema, and
absence of increased MPO concentration, suggesting that
inflammation resolved spontaneously even after repeated
insults. However, pain responses were significantly elevated.
Frequently, the degree of pain present and its impact on the
quality of life in IC/PBS patients are independent of any
observable inflammation or visual changes in bladder tissue
on cystoscopy.®*7*° This is a key mystery in the etiology and
pathophysiology of the majority of IC/PBS patients who
present without inflammatory Hunner’s lesions.*®*** Future
investigations using the LL-37—induced IC/PBS model may
allow researchers to probe how nociception in the bladder
becomes disconnected from inflammation and may enable
deeper mechanistic insights into the causes that drive bladder
pain. Further elucidating the mechanisms that drive bladder
pain is essential for understanding why numerous patients
experience substantial bladder pain without urothelial lesions
or other obvious causes.

Limited insight into the pathophysiologic mechanisms
underlying IC/PBS has made the condition challenging
to model experimentally.'>#*4! Many previously reported
models for IC/PBS are based on chemically induced damage
to bladder tissue, which does not accurately replicate the
pathophysiological characteristics of the disease.*> Unlike
chemically induced cystitis models that rely on overt tissue
injury, the LL-37—induced cystitis model is based on a
natural physiologic compound found in distressed urinary
systems, providing a physiologically relevant approach to
modeling IC/PBS. This represents a distinct method from
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autoimmune-based models that use inoculations with tissue
homogenates, bladder proteins, or genetically engineered
mouse strains.*** An LL-37 model could readily be deployed
in genetically engineered mouse strains to investigate
underlying mechanisms without extensive cross-breeding,
which is both time-consuming and costly.

When discussing the applicability of our LL-37—induced
cystitis model, this study further demonstrates how closely it
mimics the human condition of IC/PBS. There is no perfect
model that can completely replicate IC/PBS. However,
we observed that bladder pain can exist independently of
inflammation, demonstrating that the model can closely mimic
IC/PBS. An independent study by Kim et al.** also used the
LL-37 cystitis model to investigate mechanisms involving
mast cells as a key cell type that perpetuates IC/PBS. Their
study elucidated key molecular and cellular mechanisms
of visceral pain and cross-organ sensitization involving
the colon, demonstrating that mast cells and Mas-related G
protein-coupled receptor B2 play a critical role in driving
neural hypersensitivity, thereby contributing to pain, irritation,
and physiologic dysfunction across multiple organ systems.

Although mechanistic pathways were not directly
interrogated in the present study, prior work suggests that LL-
37-induced pain may involve interleukin (IL)-33—-mediated
mast cell activation,?! which may lead to downstream
IL-31 signaling to sensory neurons. Several studies have
demonstrated a potential IL-33/IL-31 inflammatory axis in
different allergic and immune-mediated diseases, including
atopic dermatitis, asthma, and other allergic disorders.**4’
Mechanistic studies demonstrate that IL-31 can directly
stimulate sensory neurons.*-%° Although this potential
mechanistic pathway has been described primarily in murine
models or is active in other disease processes, it represents
a potential area for further investigation and therapeutic
intervention, including the use of an IL-31RA blockage (i.e.,
nemolizumab) in patients with IC/PBS if this pathway is
relevant to the underlying etiology of IC/PBS. Although this
inflammatory pathway was not studied in our chronic model,
it represents a potential area for future studies to help elucidate
the mechanisms underlying pain that occurs independently
of inflammatory markers.

Non-opioid—based analgesic therapeutics for IC/PBS are
greatly needed since a substantial number of IC/PBS patients
report daily or persistent pain.!?3* Our findings demonstrate
that SAGE GM-0111 protects mice from LL-37—-induced pain
sensitization. In this study, a 69% reduction in pain response
with 10 mg/mL of SAGE GM-0111 instilled into the bladder
(~76.5 mg/kg) was greater than the 50% reduction observed
with morphine (ID,; = 1.9 + 1 mg/kg).”' However, higher
doses (~76.5 mg/kg) of SAGE were needed to achieve this
effect. The protective mechanism of SAGE GM-0111 remains

Bladder | Volume 13 | Issue 1 |



Schults, et al.

uncertain and was not the primary objective of the present
study. Prior mechanistic work with SAGE compounds has
shown numerous potential modes of therapeutic action,
including inhibition of human leukocyte elastase, the receptor
for advanced glycation end-products, Toll-like receptors 2 and
4, nuclear factor k-light-chain-enhancer of activated B cells,
and P-selectin.’®3! These effects may reduce extracellular ATP
release, prevent urothelial cell apoptosis, decrease leukocyte
elastase, inhibit immune cell infiltration into the bladder wall,
and reduce mast cell infiltration and degranulation.?!-*3!-52
While the precise mechanism remains unclear, SAGE shows
a statistically significant therapeutic effect on bladder pain,
voiding, and inflammation.?*? Future studies are needed
to elucidate the mechanisms responsible for the observed
analgesic effects of SAGE GM-0111.

This study has several limitations that should be
acknowledged; nevertheless, this model captures a clinically
relevant pain phenotype and provides a reproducible platform
for mechanistic and therapeutic studies. First, functional
bladder outcomes such as urinary frequency, urgency, and
dysuria were not directly assessed, which are common
clinical findings in patients with IC/PBS. While behavioral
pain responses provide insights into nociceptive sensitization,
the absence of voiding analyses limits conclusions regarding
functional bladder dysfunction. Independent LL-37—induced
cystitis models* have assessed bladder function, demonstrating
that LL-37—induced cystitis causes urinary urgency behavior.
Second, although the model spanned a four-week period with
biweekly instillations to approximate chronic disease, it can be
argued that this duration may be insufficient to fully capture
the progressive and relapsing nature of IC/PBS observed in
patients. Several studies have demonstrated the induction of
chronic inflammatory markers within four weeks,-° which
informed the design of our chronic model. Third, SAGE was
administered prophylactically prior to inflammatory insult,
which may not directly reflect clinical treatment paradigms in
which therapy is initiated after symptom onset. SAGE GM-
0111 has been shown to be effective not only in preventing but
also in decreasing inflammation.>? Although these limitations
are notable, our model reproduces key aspects of IC/PBS,
including persistent suprapubic pain in the absence of overt
histopathologic inflammation, a feature commonly reported
in patients. This work also establishes a reproducible platform
for examining pain-driven disease mechanisms and evaluating
candidate therapeutics targeting urothelial dysfunction and
inflammatory signaling.

5. Conclusion

Repeated intravesical LL-37 administration induces a chronic
cystitis model characterized by persistent bladder pain
independent of inflammation, closely replicating features of
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human IC/PBS. SAGE GM-0111 demonstrates significant
analgesic efficacy in this model, supporting its potential
as a promising non-opioid therapeutic avenue. This model
provides a reproducible and physiologically relevant platform
for investigating IC/PBS pathophysiology and evaluating
novel treatments.
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