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Background: Interstitial cystitis (IC) is a recurrent and chronic inflammatory disease that compromises patients’ quality of
life. Effective treatments for IC are limited. This study aimed to evaluate the therapeutic potency of human um-
bilical cord-derived mesenchymal stem cells (UC-MSCs) in an IC-induced rat model and investigate the poten-
tial molecular mechanism in a mast cell model (rat basophilic leukemia cells, RBL-2H3) in treating IC in a co-
culture system.

Material/Methods: The rat model of IC was induced by cyclophosphamide (CYP). Rats were randomly divided into 3 groups: sham,
IC+PBS, and IC+MSC. In the coculture system, RBL-2H3 cells were sensitized overnight to Compound 48/80
(C48/80), cocultured with UC-MSCs for 3 days, and collected for subsequent experiments. RBL-2H3 cells were
randomly divided into 3 groups: sham, C48, and UC-MSCs (C48+MSC).

Results: The UC-MSCs marked by thymidine analog 5-ethynyl-2-deoxyuridine (EdU) were transplanted in the treatment
group, and were densely distributed in the bladder. Accordingly, the conscious cystometry was measured and
the bladder tissues were harvested. Compared with the sham group, the treated IC rats exhibited shorter blad-
der voiding intervals (307435 vs 217437 s; P<0.01), more integral epithelia, and less collagen fiber aggregation,
infiltration and degranulation of mast cells, and inflammatory cytokines in the bladder tissue. In the coculture
system, compared with the C48 group, the UC-MSC-treated RBL-2H3 cells had suppressed degranulation.

Conclusions: UC-MSCs treatment showed a promising therapeutic effect on treating IC in vivo and in vitro. UC-MSCs inhib-
it mast cell degranulation in IC and could be a potential therapeutic target to ameliorate inflammation in IC.
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Background

Interstitial cystitis (IC) is characterized by urinary urgency,
urinary frequency, pelvic pain, and nocturia without bacte-
rial infection or identifiable pathology [1,2]. IC is a recurrent
and chronic inflammatory disease that affects patient quali-
ty of life. Berry et al reported that, on average, 2.7% of wom-
en in the United States aged over 18 years had IC-associated
symptoms between 2007 and 2009 [3]. Shin et al reported in
2020 that the prevalence of IC might be more than 2% in the
female population [4]. Although the etiology of IC is not yet
fully understood, generally, an increased number of mast cells
infiltrate the bladder walls in IC and participate in the inflam-
matory process by releasing a wide range of mediators, such
as histamine, 5-hydroxytryptamine (5-HT), and tumor necro-
sis factor-o (TNF-0r), which promote bladder inflammation and
cause pain [5-7]. Several available treatments primarily inhibit
inflammation by suppressing mast cell degranulation. However,
these treatments have a limited effect on preventing recur-
rence [8]. In the last decade, the alternative treatment of hu-
man umbilical cord-derived mesenchymal stem cell (UC-MSC)
transplantation has been increasingly investigated, and may
provide a potential nonsurgical intervention to fundamental-
ly cure the inflammation of IC.

Song et al reported that MSC treatment successfully alleviated
ICin an IC-induced rat model via the Wnt pathways by stim-
ulating the regeneration of damaged bladder epithelium [9].
However, the present study demonstrated that UC-MSCs ame-
liorated IC in vivo and in vitro through inhibiting mast cell in-
filtration and degranulation.

This study aimed to investigate the therapeutic effect of UC-

MSCs in a cyclophosphamide (CYP)-induced rat model of IC
and a Compound 48/80 (C48/80)-induced mast cell model.

Material and Methods

UC-MSC Culture

The present study used UC-MSCs in third passages, which had
been collected and cultured according to the requirements of
the Ethics Committee of the Department of Biotherapy Center
of the Third Affiliated Hospital of Sun Yat-Sen University
(Guangzhou, China). The UC-MSCs were cultured in a humidi-
fied 37°C, 5% CO, incubator with Dulbecco’s modified Eagle’s
medium (DMEM), containing 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin (all from Gibco; Thermo
Fisher Scientific, Inc.). Surface markers of the UC-MSCs were
confirmed by staining with the following antibodies: PE mouse
anti-human CD31, FITC mouse anti-human CD34, PE mouse
anti-human CD44, FITC mouse anti-human CD45, PE mouse
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anti-human CD73, FITC mouse anti-human CD90, and PE mouse
anti-human CD105 (BD Biosciences, New Jersey, USA). Suitable
isotype controls were also used. The UC-MSCs were stained
with each antibody for 30 min at 4°C and analyzed with a flow
cytometer (FACS Verse TM, BD Biosciences, USA) and Flow Jo
7.6 (Treestar, Ashland, Oregon, USA). The UC-MSCs in the third
passage were used in this study [10].

RBL-2H3 cell culture and assessment of degranulation

The RBL-2H3 cells were purchased from the Cell Bank of the
Chinese Academy of Science (Shanghai, China) and were cul-
tured under the same conditions as the UC-MSCs. The RBL-2H3
cell line has been widely regarded as a mast cell line [11,12].
Briefly, the RBL-2H3 cells (2x10° cells/well in 24-well plates)
were sensitized via exposure to C48/80 (Sigma-Aldrich; Merck
KGaA) at 10 ug/mL overnight, which caused degranulation of
the RBL-2H3 cells [11-13]. The concentration of B-hexosamin-
idase liberated from RBL-2H3, which was tested using an en-
zyme-linked immunosorbent assay (ELISA) kit (Elabscience
Biotechnology Co., Ltd.), was used as a marker of degranulat-
ed mast cells [14].

IC-Induced Rat Model

The present study was approved by the Ethics Committee of
Zhongshan Medical School, Sun Yat-Sen University. A total
of 45 female Sprague-Dawley rats (weight, 200-250 g) were
purchased from the Institute of Experimental Animals of Sun
Yat-Sen University. The rats were equally divided into a sham
group, an IC+ phosphate-buffered saline (PBS) group, and an
IC+MSC group (n=15 per group). The rats in the IC+PBS and
IC+MSC groups received 3 doses of 75 mg/kg cyclophospha-
mide (CYP) on the first, third, and fifth day of the experiment
by intraperitoneal injection to induce chronic urinary cystitis.
This method has been widely used to establish rat models of
IC[15,16]. The sham group received an intraperitoneal injection
of PBS. After the first week, a single dose of UC-MSCs (1x10°
cells) was injected through the tail vein in the IC+MSC group,
and PBS was injected through the tail vein in the IC+PBS and
sham groups.

5-Ethynyl-2’-deoxyuridine Labeling of UC-MSCs

The UC-MSCs were seeded in a 6-well plate with DMEM.
Thymidine analog 5-ethynyl-2-deoxyuridine (EdU; Invitrogen;
Thermo Fisher Scientific, Inc.) was added to the medium at a
concentration of 20 pM [17]. After 24 h, the cells were immo-
bilized with methanol, washed twice with PBS, incubated in
3% bovine serum albumin in PBS, and incubated in 0.5% Triton
X-100 in PBS for 20 min at room temperature. Next, the cells
were incubated with a freshly made Click-iT reaction cocktail
containing Apollo 567 for 30 min at room temperature in the

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€930001




XuY. et al:
UC-MSC therapy mitigates interstitial cystitis
© Med Sci Monit, 2021; 27: €930001

dark, counterstained with Hoechst 33342, and imaged by flu-
orescence microscopy (Nikon TE2000-U).

Tracking of Transplanted UC-MSCs

Approximately 1x10° EdU-labeled UC-MSCs were transplant-
ed into the rats via intravenous injection in the IC+MSC group.
After 1 week, the bladders were harvested for histological ex-
amination. The bladder tissues were immobilized with meth-
anol, washed twice with PBS, incubated in 3% bovine serum
albumin in PBS, and incubated in 0.5% Triton X-100 in PBS
for 20 min at room temperature. The bladder tissues were
then incubated with newly made Click-iT reaction cocktail
containing Apollo 567 for 30 min in the dark, counterstained
with Hoechst 33342, and imaged by fluorescence microsco-
py (Nikon TE2000-U).

Conscious Cystometry

Conscious cystometry was analyzed after 1 week by using a
urodynamic measurement system UDS-120XLT (Laborie Medical
Technologies, Inc.) [18,19]. An epidural catheter (diameter, 1
mm) was used as the cystometry catheter and was insert-
ed into the bladders of the rats with a saline infusion rate of
6 mL/h in a syringe pump. The rats were in a supine position
with secured limbs. The images of the curve displaying intra-
vesical pressure were automatically generated by the urody-
namic measurement system. Conscious cystometry tests were
repeated 5 times in each rat.

Histochemical Analysis

After 1 week, the animals were killed, and the bladders were
harvested for histological examination. After 24 h of fixation in
4% paraformaldehyde, each bladder was embedded in paraffin
and sliced to 3-mm-thick sections using a microtome. Epithelial
denudation was assessed by hematoxylin and eosin staining
so that hemorrhage, submucosal edema, and vascular struc-
ture destruction could be observed. Mast cell infiltration was
assessed by counting cells with positive toluidine blue stain-
ing (Beijing Solarbio Science & Technology). Tissue fibrosis was
assessed using Masson’s trichrome staining (Servicebio). All
procedures were performed according to the manufacturers’
protocols. Each slide was microscopically visualized, and 10
random light microscopic areas from the images (magnifica-
tion x200) were selected for the evaluation. Quantification of
histochemical staining was measured by Image) software [20].

Measurement of Cytokine Levels
The concentrations of histamine, 5-HT, and TNF-o. isolated from

bladder tissues, and the concentrations of histamine, 5-HT,
and B-hexosaminidase (B-hex) isolated from the supernatant
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of RBL-2H3 cells were measured using a standard ELISA kit
(Elabscience Biotechnology Co., Ltd). The bladder samples
were minced into small pieces and homogenized in PBS (1 g
of tissue pieces with 9 mL of PBS) with a glass of homogeniz-
er on ice. Subsequently, the homogenates were centrifuged
at 5000xg for 5 min at 4°C to obtain the supernatant. The su-
pernatant of RBL-2H3 cells was separated via centrifugation
at 1500xg for 5 min at 4°C. Quantification was performed on
Bio-Plex 200 readers at 450 nm, together with Bio-Plex Pro
wash stations (Bio-Rad Laboratories, Inc.), and analyzed using
Bio-Plex Manager software (version 3.0). The level of each cy-
tokine was measured 8 times for each sample.

Electron Microscopy

Mast cell degranulation in bladder tissue was observed via
electron microscopy, which was performed as follows [21]:
First, isolated bladders were immediately immobilized with
2.5% glutaraldehyde in 0.1 mol/L PBS for 6 h at 4°C. The buf-
fer was then replaced with PBS including 5% sucrose. The
bladders were treated with 1% 0sO, in 0.1 mol/L PBS for 2 h
at 4°C. Along with dehydration by a series of alcohol washing
steps, the immobilized bladders were fixed with Quetol 812
resin (Nisshin EM). Ultra-thin sections were cut at 100 nm us-
ing a diamond knife and mounted on gold grids. Next, the sec-
tions were stained with saturated uranyl acetate in 50% eth-
anol solution for 30 min at room temperature, and with 0.1%
lead citrate solution for 15 min at room temperature. The sec-
tions were measured with an HT7700 transmission electron
microscope (Hitachi) at x1500 magnification. Ten random mi-
croscopic areas were observed in each specimen.

Coculture System

The UC-MSCs (5x10°) were cocultured in the upper com-
partment in 6-well Transwell plates (0.4 um pore size insert;
Corning Inc.), while RBL-2H3 cells (5x10°) were seeded in the
lower compartment. The sensitization of RBL-2H3 cells was
achieved by exposure to C48/80 at 10 ug/mL overnight. The
coculture system consisted of 3 groups: (I) sham group (RBL-
2H3 cells alone); (1) C48 group (RBL-2H3 cells+C48/80); and
(I11) C48+MSC group (MSCs+RBL-2H3 cells+C48/80).

Statistical Analysis

The statistical analysis was performed using SPSS software
(version 22.0; IBM Corp., Armonk, NY, USA). As obtained data
were normally distributed, according to the normality test and
the Shapiro-Wilk normality test, parametric tests were used
for estimation of statistical significance of results. All con-
tinuous variables were expressed as the meantstandard er-
ror of the mean. Comparisons of continuous variables among
groups were analyzed using the two-sample t test or one-way
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analysis of variance with the Bonferroni post hoc test, as ap-
propriate. P<0.01 was considered to indicate a statistically sig-
nificant difference.

Results

Identification of UC-MSCs

The surface markers of the UC-MSCs were analyzed by flow
cytometry. The negative markers included CD31, CD34, and
CD45, and positive markers included CD29, CD44, CD73, CD90,
and CD105. All data are expressed as percentages from FACS
measurements (Supplementary Figure 1).

EdU-Labeled UC-MSCs and Tracking of Intravenously
Transplanted UC-MSCs

The UC-MSCs in EdU-containing media exhibited intense
red fluorescence in the nuclei when stained with Apollo 567
(Figure 1A). The detection of the EdU was confirmed by the
blue fluorescent nuclear label, Hoechst 33342. The fluorescent
probe of EdU was nuclear-specific, presenting with clear co-lo-
calization with Hoechst 33342 staining (Figure 1B). The EdU-
labeled UC-MSCs were transplanted into the IC-induced rats
by injection through the tail vein. After 1 week, the rat blad-
ders were harvested for histological examination, which iden-
tified the presence of the EdU-labeled cells in the submucosal
connective tissue of the rat bladders (Figure 1E-1H).

Conscious Cystometry

The contraction intervals were significantly longer in the IC+MSC
group (307435 s) than in the IC+PBS group (217+37 s; P<0.01,
with post hoc adjustment), but were similar to those of the
sham group (319418 s; P=0.27, with post hoc adjustment).
The non-voiding contractions were significantly more stable
in the IC+MSC group than in the IC+PBS group, but were sim-
ilar to those of the sham group. There were no differences of
micturition pressure among the 3 groups. This demonstrated
that UC-MSC therapy restored bladder voiding function in the
IC-induced rat model (Figure 2).

Histological Findings and Inflammatory Cytokine Assay
Following UC-MSC Treatments

Our results showed much less submucosal edema and hemor-
rhage, fewer mast cells, and fewer collagen fibers in the IC+MSC
group than in the IC+PBS group, and the levels of the IC+MSC
group were similar to those of the sham group (Figure 3A, 3C).
The concentrations of inflammatory cytokines, including his-
tamine, 5-HT, and TNF-q, in bladder tissue were significantly
lower in the IC+MSC group than in the IC+PBS group, and the
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concentrations of the IC+MSC group were similar to those of
the sham group (Figure 3B).

Electron Microscopy

Although both non-degranulated and degranulated mast cells
were measured in the sham, IC+MSC, and IC+PBS groups, the
most degranulated mast cells were found in the IC+PBS group.
When viewed under light microscopy, in the submucosal layer
of the rat bladder, the IC+MSC group had fewer mast cells than
did the IC+PBS group, but had a similar amount as the sham
group, which was consistent with the toluidine blue staining
results (Figure 3C). Furthermore, under electron microscopy,
we study found that non-degranulated mast cells contained
many small granules (Figure 4A), and degranulated mast cells
exhibited vacant spaces, where the granules had been lost and
released into the extracellular matrix (Figure 4B).

Cytokine Production in Coculture System

The B-hex ELISA demonstrated that f-hex secreted by the RBL-
2H3 cells increased significantly following overnight exposure
to C48/80 (Figure 5A). Histamine and 5-HT were shown to
be significantly lower in the C48+MSC group than in the C48
group, when using ELISA (Figure 5A, 5C).

Discussion

The major findings of our study were as follows: In the CYP-
induced rat model of IC, UC-MSCs showed promising thera-
peutic effects on IC. In a urodynamic aspect, UC-MSCs restored
the voiding function of IC rats. In tissues, UC-MSCs marked-
ly alleviated inflammation in the connective tissue of the IC
rat bladder, including edema, hemorrhage, mast cell infiltra-
tion, and formation of fibrosis. On the cellular and cytokine
level, UC-MSCs inhibited the degranulation of mast cells and
the generation of inflammatory cytokines, including histamine,
5-HT, and TNF-a, which was essential to inhibit the degranula-
tion of RBL-2H3 cells and the resulting inflammatory cascade.

In the past decade, stem cell treatment has been proposed as
a viable treatment strategy [22-24]. A small number of studies
assessed the therapeutic use of stem cells in IC [9,18]. A study
by Xie et al focused on the coculture experimental system of
UC-MSCs with SV-HUC-1 in a rat model of epithelial cells of
the bladder mucosa, which aimed to determine whether the
UC-MSC treatment could restore the epithelial cells in bladder
mucosa, which was most related to the thesis of epithelium de-
nudation in IC. However, in the present study, the coculture ex-
perimental system of UC-MSCs with RBL-2H3 cells (the model
of mast cells) aimed to determine whether UC-MSC treatment
contributes to inhibiting the inflammation of mast cells in IC;
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Figure 1. 5-Ethynyl-2-deoxyuridine (EdU) labeling of UC-MSCs in vitro and tracking EdU-labeled human umbilical cord-derived
mesenchymal stem cells (UC-MSCs) in vivo. UC-MSCs labeled by EdU and stained with Apollo 567 (A, red fluorescence)
and Hoechst 33342 (B, blue fluorescence). EdU-labeled UC-MSCs stained with Apollo 567 in harvested rat bladders (E, red
fluorescence), Hoechst 33342 (F, blue fluorescence). The boxed areas in the x40 magnified images in (C) and (G) were
amplified x200 in the corresponding (D) and (H), respectively. White arrows point to nuclei that are presented in the graphs.
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Figure 2. Human umbilical cord-derived mesenchymal stem cells (UC-MSCs) restored bladder function in the interstitial cystitis
(1C)-induced rat model. (A) Conscious cystometry results. (B) Micturition intervals of the IC+MSC group (307+35 s) were
significantly longer than that of the IC+PBS group (217437 s; P<0.01, with post hoc adjustment), but similar to that of the
sham group (319+18 s; P=0.27, with post hoc adjustment). ** P<0.01 vs sham group; ** P<0.01 vs IC+PBS group.
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Figure 3. Human umbilical cord-derived mesenchymal stem cell (UC-MSC) treatment ameliorated inflammation in the interstitial
cystitis (IC)-induced rat model. (A) (a-c): Hematoxylin and eosin staining; (d-f): Toluidine blue staining; (g-i): Masson’s
trichrome staining. Hemorrhage, submucosal edema, vascular structure destruction (a-c) were more severe in the IC+PBS
group, and recovered better in the IC+MSC group. The mast cell infiltration (white arrows in e and f) could be more easily
observed in the IC+PBS group, compared with in the IC+MSC and sham groups. Tissue fibrosis (blue straining in g-i) was
significantly decreased below the urothelium in the IC+MSC group (collagenous fiber, 24.52%) compared with in the IC+PBS
group (collagenous fiber, 50.19%), but were similar to the sham group (collagenous fiber, 20.33%). Magnification x200.

(B) Comparison of histamine, 5-hydroxytryptamine (5-HT), and TNF-o. among the 3 groups in bar charts. (C) Comparison
of the number of infiltrating mast cells in the bladder of rats among the 3 groups in bar charts. ** P<0.01 vs sham group;
# P<0.01 vs IC+PBS group.
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Figure 4. Representative transmission electron microscope images. (A) The non-degranulated mast cell. (B) The degranulated mast
cell. The intracellular granules in degranulated mast cells were larger than those of non-degranulated mast cells. Many large
granules released by degranulated mast cells appeared in the extracellular matrix around degranulated mast cells, but were
absent around non-degranulated mast cells.
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Figure 5. B-Hexosaminidase secretion was evaluated by ELISA. (A) B-Hexosaminidase assay: the concentration of B-hex released
from the sensitized RBL-2H3 cells was significantly higher than that of normal RBL-2H3 cells. ** P<0.01 vs sham group.
(B, €) Histamine and 5-hydroxytryptamine (5-HT) levels in the C48+MSC group were significantly lower than in the C48
group. ** P<0.01 vs sham group; #*# P<0.01 vs C48 group.

the present study was most related to the thesis of mast cell effects of UC-MSC in the study by Xie et at and the present
infiltration and degranulation in IC. Consequently, as the re- study focused on epithelium denudation and mast cell inflam-
search hypothesis of these 2 studies were significantly differ- mation, respectively, which were remarkably different, yet po-
ent, the coculture systems of the 2 studies were also distinct ~ tentially complementary.

(UC-MSC+SV-HUC-1s [the model of epithelial cell in bladder

mucosa] vs UC-MSC+RBL-2H3 cells [the model of mast cells]). We tried to explore the relationship between UC-MSC treat-
To date, no study has reported the relative mechanism under- ment and mast cells in IC in 2 steps.

lying mast cells in IC. In the present study, we were the first

to demonstrate that UC-MSCs mitigate inflammation of mast First, we demonstrated that UC-MSC treatment inhibited mast
cells in the disease setting of IC, which has been investigated cellinfiltration and degranulation in IC. Toluidine blue staining
in some inflammatory diseases but not yet in IC [25-27]. As demonstrated that UC-MSC treatment mitigated the infiltra-
our hypothesis was proven true, UC-MSCs may potentially be- tion of mast cells in the IC-induced rat bladder. Transmission
come a novel therapeutic target of IC. Notably, the therapeutic electron microscopy examination demonstrated that UC-MSC
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treatment suppressed the degranulation of mast cells. In de-
granulated mast cells, the granules were present and large
vacuoles existed in the cytoplasm, which means the degran-
ulated mast cells had generated and secreted cytokines. This
was in accordance with the results that UC-MSC treatment de-
creased the inflammatory cytokine concentration of the IC rat
bladder, particularly histamine and 5-HT, which were specifi-
cally associated with mast cell degranulation.

Second, we showed that the treatment effect of UC-MSCs
on the mast cells in IC results from the paracrine effect. We
showed that UC-MSCs inhibited the degranulation of RBL-2H3
cells (mast cell line) and decreased the secretion of inflamma-
tory cytokines from RBL-2H3 cells, particularly histamine and
5-HT, which are important triggers of mast cell degranulation.
UC-MSCs play an essential role in inhibiting mast cells, which
was demonstrated in other diseases [25-27], but we were the
first to demonstrate this in the disease setting of IC.

In an effort to determine the etiology of IC, a number of stud-
ies have reported that epithelium denudation, collagen fiber
aggregation, and mast cell infiltration and degranulation are
essential in the pathophysiology of IC [28]. Song et al report-
ed that treatment with MSCs successfully alleviated IC in a
rat model induced by hydrochloric acid via the Wnt pathway,
by stimulating the regeneration of damaged bladder epithe-
lium [9]. The work of Song et al also partially involved mast
cell infiltration, but did not include mast cell-related mecha-
nisms. Mast cell infiltration is just a single aspect of the ther-
apeutic effect of MSC treatment. However, the focus of our
work was remarkably different from that of Song et al. In the
present study, not only mast cell infiltration, but also mast
cell degranulation, as the major pathogenesis of IC, was com-
prehensively investigated. Fundamentally, we tried to explore
the role of mast cell infiltration and degranulation in IC and
the mechanism of the treatment effect of UC-MSCs on these
mast cell activities.

There were some limitations in our study. First, we did not
measure B-hexosaminidase in the UC-MSC-treated groups.
However, histamine and 5-HT, which are hallmarks of degran-
ulation, were measured to identify the inhibiting effect of UC-
MSC on mast cell degranulation. Second, there may be some
signaling pathways playing an important role in the inhibit-
ing effect of UC-MSC on mast cell activities. We attempted to
identify the underlying role molecular activities play in the in-
hibition of UC-MSC on mast cells.

LAB/IN VITRO RESEARCH

Conclusions

The present study showed that UC-MSCs therapy successful-
ly alleviated IC in vivo and in vitro by inhibiting mast cell de-
granulation. This observation provides a novel insight into UC-
MSC therapy for treating IC.
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Supplementary Figure 1. Characteristics of the UC-MSCs phenotypes. Cell-surface markers were analyzed with flow cytometry in early
passage (Passage 3). Negative markers were CD31, CD34, and CD45 and positive markers were CD29, CD44,
CD73, CD90, and CD105.Red line is negative control and blue line is specific antibody staining.
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