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Purpose: To evaluate the therapeutic effect of human embryonic stem cell (hESC)-derived multipotent mesenchymal stem
cells (M-MSCs) on ketamine-induced cystitis (KC) in rats.

Methods: To induce KC, 10-week-old female rats were injected with 25-mg/kg ketamine hydrochloride twice weekly for 12
weeks. In the sham group, phosphate buffered saline (PBS) was injected instead of ketamine. One week after the final injection
of ketamine, the indicated doses (0.25, 0.5, and 1% 10° cells) of M-MSCs (KC + M-MSC group) or PBS vehicle (KC group)
were directly injected into the bladder wall. One week after M-MSC injection, the therapeutic outcomes were evaluated via
cystometry, histological analyses, and measurement of gene expression. Next, we compared the efficacy of M-MSCs at a low
dose (1 x 10° cells) to that of an identical dose of adult bone marrow (BM)-derived MSCs.

Results: Rats in the KC group exhibited increased voiding frequency and reduced bladder capacity compared to rats of the
sham group. However, these parameters recovered after transplantation of M-MSCs at all doses tested. KC bladders exhibited
markedly increased mast cell infiltration, apoptosis, and tissue fibrosis. Administration of M-MSCs significantly reversed these
characteristic histological alterations. Gene expression analyses indicated that several genes associated with tissue fibrosis were
markedly upregulated in KC bladders. However the expression of these genes was significantly suppressed by the administra-
tion of M-MSCs. Importantly, M-MSCs ameliorated bladder deterioration in KC rats after injection of a low dose (1 x 10°) of
cells, at which point BM-derived MSCs did not substantially improve bladder function.

Conclusions: This study demonstrates for the first time the therapeutic efficacy of hESC-derived M-MSCs on KC in rats. M-
MSCs restored bladder function more effectively than did BM-derived MSCs, protecting against abnormal changes including
mast cell infiltration, apoptosis and fibrotic damage.
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» HIGHLIGHTS

- Administration of hESC-derived M-MSCs significantly restored bladder function and reversed characteristic histological alterations of KC

bladders in rats.

- M-MSCs ameliorated bladder function of KC rats at a low dose with superior efficacy compared to adult BM-derived MSCs.

INTRODUCTION

In recent years, the abuse of ketamine has dramatically in-
creased worldwide, particularly in terms of recreational use [1].
Long-term ketamine abuse can trigger severe lower urinary
tract symptoms and bladder pain, complicated by a reduced
bladder capacity (BC) and hematuria [2-4]. A recent study
found that urinary tract symptoms were reported by >25% of
all regular ketamine users [2].

Although the pathophysiology and causative mechanism of
the changes in bladder function remain unclear, the typical
gross pathological bladder changes in ketamine-induced cysti-
tis (KC) are contraction and wall thickening [5]. Ulcerative cys-
titis with an easily bleeding mucosa is a common cystoscopic
finding. Microscopically, the urothelium is denuded and infil-
trated by inflammatory cells such as mast cells and eosinophils.
These cystoscopic and histological findings, and also the lower
urinary tract symptoms, resemble those of patients with inter-
stitial cystitis (IC) [6], which is probably a severe form of blad-
der pain syndrome (BPS). The clinical and pathological simi-
larities between KC and IC suggest that KC shares at least some
pathogenic pathways with IC.

Therefore, an increased understanding of KC might also im-
prove our understanding of IC pathogenesis. In addition, thera-
peutic targeting of pathways common to KC and IC pathogen-
esis might allow the development of novel treatment options
for the obstinate painful bladder conditions.

The management of KC remains challenging. No single de-
finitive treatment has yet been accepted because the pathophys-
iology of KC remains unclear [5]. Treatment should commence
with cessation of ketamine use. Current therapeutic options for
KC (also used to treat IC) include pain control medications, an-
ticholinergics [6], urothelium-protecting agents [7], and intra-

Int Neurourol J 2018;22 Suppl 1:534-45

vesical injections of botulinum toxin [8]. Supratrigone cystecto-
my combined with enterocystoplasty is the only effective treat-
ment for irreversible KC [3,9]. All of these options are of limited
efficacy and/or exhibit other problems.

In recent years, stem cell therapies have opened up new path-
ways toward the therapy of several previously intractable disor-
ders [10,11]. Stem cell-based therapy has been considered a
novel therapeutic approach when seeking to resolve disorders
of lower urinary tract including stress urinary incontinence,
detrusor overactivity or underactivity, and bladder or urethral
injury [12,13]. Injected stem cells stimulate the regeneration of
damaged tissues and also secrete paracrine factors and cyto-
kines promoting cellular survival and preventing apoptosis [14].
Recently, preclinical studies have revealed the beneficial effects
of mesenchymal stem cells (MSCs) derived from human um-
bilical cord-blood (UCB) in rat models of IC [15] and KC [16].
As no curative treatments for BPS/IC or KC are yet available
[17], stem cell-based therapy would be valuable for patients
with BPS/IC or KC.

MSCs are multipotent progenitor cells. Clinically, they are
safe and afford functional recovery from various human diseas-
es [10,18]. They have been isolated from a wide range of adult
tissues including bone marrow (BM), adipose tissue, dental
pulp, and UCB [19]. However, their limited proliferative capac-
ity during ex vivo expansion constitutes a major problem in
terms of wider clinical applications. An alternative source of
MSCs is required.

Human embryonic stem cells (hESCs) are an alternative cel-
lular source of MSCs [20]. ESC lines established from the inner
cell mass of the blastocyst can differentiate into all possible
types of cells and can be expanded ex vivo in an immortalized
manner [21]. Given this capacity for unlimited self-renewal,
pluripotent hESCs are an attractive cellular resource for appli-
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cations in regenerative medicine [21,22]. A Korean research
group recently described a simple and feasible method by
which multipotent MSCs (M-MSCs) can be generated from
hESCs [23,24]. These M-MSCs are available in virtually unlim-
ited quantities and their differentiation can be controlled to op-
timize safety and potency prior to transplantation, overcoming
the drawbacks of existing MSC therapy.

The purpose of this study was to evaluate the therapeutic ef-
fect of hESC-derived M-MSCs on KC in rats. We analyzed the
cystometric parameters as well as the histologic and immuno-
histochemical findings. The expression levels of genes possibly
associated with KC pathogenesis were also assessed.

MATERIALS AND METHODS

Study Design

The schematic diagram of the main study design is depicted in
Fig. 1. Interventions involved a single administration of hESC-
derived M-MSCs at the indicated doses (0.25, 0.5, and 1 x 10°
cells) in the experimental group or phosphate buffered saline
(PBS) in the control group. The therapeutic outcomes were
evaluated via awake cystometry, histological analyses, and mea-
surement of gene expression. Next, we also compared the effi-
cacy of M-MSCs at a low dose (1 x 10° cells) to that of an identi-
cal dose of adult BM-derived MSCs with regard to cystometric
parameters.

M-MSC injection for
KC+M-MSC group

l Sham (n=10) | Egzrlgf:tlonfor

KC+M-MSC
0.25% 10°M-MSCs (n=5)
0.50 X 10°M-MSCs (n=5)
1.00x< 10°M-MSCs (n=10)

Ketamine (25 mg/kg) injection - Awake CMG
Twice a week, for 3 months
- Histologic exam
- Immunohisto-
chemical staining
- Apoptosis staining
-RQPCR

Fig. 1. Schematic diagram of the main study design. The control
group (KC group) and the experimental group (KC+M-MSC
group) were given ketamine twice weekly for 12 weeks. Interven-
tions involved a single administration of human embryonic stem
cell-derived multipotent mesenchymal stem cells (M-MSCs) at
the indicated doses (0.25, 0.5, and 1 x 10° cells). One week after
M-MSC injection, therapeutic outcomes were evaluated. KC,
ketamine-induced cystitis; M-MSC, multipotent mesenchymal
stem cell; PBS, phosphate buffered saline: CMG, cystometrogra-
phy; RQ PCR, real-time quantitative polymerase chain reaction.
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Differentiation and Culture of hESC-derived M-MSCs
Undifferentiated H9-hESCs were maintained and differentiated
into M-MSCs as previously described [23,24]. M-MSCs were
cultured in EGM2-MV medium (Lonza, San Diego, CA, USA)
onto plates coated with rat tail collagen type I (Sigma-Aldrich,
St. Louis, MO, USA) in a humidified atmosphere under 5% CO;
at 37°C. All M-MSCs were expanded for fewer than 10 passages
to ensure that multipotency was preserved. Basic M-MSC fea-
tures such as the surface protein profile, cell proliferation, multi-
potency (in vitro differentiation into osteogenic, chondrogenic,
or adipogenic lineages), in vitro angiogenesis assays, and karyo-
type were evaluated as previously described [23,24].

Animal Models and Administration of M-MSCs
All animal experiments were performed in accordance with the
guidelines and regulations of the institution and were approved
by the Institutional Animal Care and Use Committee of the
University of Ulsan College of Medicine (IACUC-2016-12-088).
To induce KC, 10-week-old female Sprague-Dawley rats
(OrientBio, Gapyong, Korea) were given ketamine hydrochlo-
ride (Huons, Seongnam, Korea; catalog No. EK1352-11) at 25-
mg/kg alternately intravenously and intraperitoneally twice
weekly for 12 weeks. In the sham group, PBS was injected in-
stead of ketamine. One week after the final injection of ket-
amine, a lower abdominal incision was created in each rat and
the indicated doses of M-MSCs (KC+M-MSC group) or PBS
(KC group) were directly injected into the submucosal layer of
the anterior wall or dome of the bladder using a 500-um sy-
ringe attached to a 26-G needle. Therapeutic outcomes were
evaluated 1 week later; we performed conscious cystometry
and histological and gene expression analyses.

Unanesthetized Unrestrained Cystometrography (Awake
Cystometry)

Cystometrograms were obtained from unanesthetized unre-
strained rats in metabolic cages. Catheterizations allowing mea-
surement of intravesical pressure (IVP) and intra-abdominal
pressure (IAP) were performed 3 days prior to cystometrogra-
phy, as described previously [25,26]. The bladder was accessed
using an inflatable PE-50 catheter (Clay Adams, Parsippany, NJ,
USA) connected to a pressure transducer (Research Grade
Blood Pressure Transducer, Harvard Apparatus, Holliston, MA,
USA) and a microinjection pump (PHD22/2000 pump; Har-
vard Apparatus). Micturition volumes (MVs) were continuous-
ly recorded using a fluid collector connected to a force displace-
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ment transducer (Research Grade Isometric Transducer, Har-
vard Apparatus) as sterile saline was infused into the bladder at
arate of 0.4 mL/min. The IVP, IAP, and MV's were continuously
recorded using Acq Knowledge 3.8.1 software and an MP150
data acquisition system (Biopac Systems, Goleta, CA, USA) ata
sampling rate of 50 Hz.

Histological and Immunohistochemical Analyses

After 24 hours of fixation in 4% paraformaldehyde, each blad-
der was embedded in paraffin and cut into 3-um-thick slices
that were affixed to slides and stained with hematoxylin and eo-
sin. Mast cell infiltration and fibrosis were assessed via Tolu-
idine Blue staining (Toluidine Blue-O, Daejung Chemicals &
Metals Co., Seoul, Korea) and Masson’s Trichrome staining
(Junsei Chemical, Tokyo, Japan), respectively. To assess apopto-
sis, bladder sections were stained with antibodies specific for ter-
minal dUTP nick-end labeling (TUNEL) (Roche, Mannheim,
Germany), followed by visualization using Alexa488-conjugat-
ed anti-mouse or rabbit antibodies (Molecular Probes, Grand
Island, NY, USA). Quantitative digital image analyses were per-
formed on seven randomly chosen representative areas of each
slide. To quantify fibrosis and apoptosis, the areas staining with
Masson’s Trichrome and the TUNEL reagent were calculated
using Image Pro 5.0 software (Media-Cybernetics, Rockville,
MD, USA). Mast cell infiltration was quantified by counting
cells that stained with Toluidine Blue.

Reverse Transcriptase and Real-time Quantitative PCR
Total RNA from the bladder tissues was isolated using the
RNeasy-Mini Kit (QIAGEN, Valencia, CA, USA). Genomic
DNA was extracted using a DNA-free Kit (Applied Biosystems,
Foster City, CA, USA). mRNA (400 ng) was reverse-transcribed
using a Tagman Reverse-Transcription-Reagents kit (Applied
Biosystems) following the manufacturer’s instructions. The ex-
pression levels of target genes were quantified using real-time
quantitative PCR (RQ-PCR) employing the iQ5 Optical System
(BIO-RAD, Hercules, CA, USA) with SYBR Green PCR Master
Mix (BIO-RAD), as described previously [27-29]. The expres-
sion levels of genes involved in inflammation, apoptosis, and fi-
brosis were assessed. Sequences of the primers used in this study
were described in Table 1.

Statistical Analysis
Data were reported as the mean + standard error of the mean

(SEM) and were analyzed by GraphPad Prism 6.0 software

Int Neurourol J 2018;22 Suppl 1:534-45

Table 1. Sequences of the primers in RQ-PCR

No.  Oligo name Oligo sequence

1 rTgtbl qRT_F AGT TCA AGC AGA GTACACACAGCAT
2 1Tgtbl qRT_ R GAG AGCAACACGGGT TCAGGT A
3 rTgth2 qRT_F CCCATCTCATTGCTCCAAGAAT
4 1Tgtb2 qRT_ R AAA AGG CCA GTA GTT CCA AAA GTG
5 1Tgthb3_qRT_F AGA CCCCACGTGCGA CAGA
6 1Tgtb3_qRT_R AGGTTT GTT GCT TGT GTGTTT CC
7 rSMAD2_qRT_F GTGATC CCGTGG ACT GTG CTA
8 rSMAD2_gRT_R CTCCACAAG GTG CTT TAA CTG ATG
9 rSMAD3_gRT_F CCATCCGCATGAGCTTCGT
10 rSMAD3_qRT_R ACT GCA AGG GCC CAT TCA
11 rSnai2 qRT_F  GCTTTT GCA GACAGA TCA AACCT
12 rSnai2 qRT R GGA GCAGTTTTT GCACTGGTATT
13 rTnfa qRT_F AGG CGCTCCCCA AAA AGA
14 rTInfa qRT_R CCA CGA GCA GGA ATG AGA AGA
15 1rCxcl0_qRT_F GGC CAT AGG AAA ACT TGA AAT CA
16 1Cxcl0_gqRT_R CATTGTTCT TCT TCATTGTGGCAAT
17 rCardl0_qRT_F CGGAGG AAG CCA CAGACAGT
18 rCardl0_gRT_R TGC CGG CGG AGT ATG GA
19 rIL4 qRT F GAG AAG CTGCACCGT GAATG
20 rll4 gqRT_R TCC CTC GTA GGATGCTTT TTA GG
21 rIL10_gRT_F CCCTGG GAG AGA AGCTGA AGA

22 rIL10_qRT_R CCA CTGCCTTGCTTT TAT TCT CA

RQ PCR, real-time quantitative polymerase chain reaction.

(GraphPad Software, La Jolla, CA, USA). Differences and sig-
nificance were verified using 1-way analysis of variance fol-
lowed by Bonferroni post hoc testing. P-values <0.05 were con-
sidered statistically significant.

RESULTS

Evaluation of Bladder Function Using Cystometry

Rats injected with ketamine over 3 months (the KC group) ex-
hibited increased and irregular voiding frequencies and a de-
creased micturition interval (MI) compared to sham group rats
(52.3+12.8 seconds vs. 149.5+26.5 seconds, respectively, P <
0.001) (Fig. 2A, B). A transplantation of M-MSCs (0.25, 0.5,
and 1x10° cells; KC+M-MSC group) significantly increased
the MI (87.7+6.2, 109.4+24.4, and 151.8 £35.1 seconds, re-
spectively, P <0.001). BC (0.3+0.1 mL vs. 1.0£0.2 mL, respec-
tively, P <0.001) and MV (0.3+0.1 mL vs. 0.6+0.1 mL, respec-
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Fig. 2. Administration of M-MSCs improved the bladder function. (A) Representative cystometry results of the indicated groups. The
micturition intervals (B), bladder capacity (C), and maximum contraction pressure (D) were quantified from the voiding pattern analy-
sis. IVP, intravesical pressure; IAP, intra-abdominal pressure; KC, ketamine-induced cystitis; M-MSC, multipotent mesenchymal stem

ke

cell.

tively, P <0.001) of rats in the KC group decreased significantly
compared to those in the sham group. However, these parame-
ters were reversed after transplantation of M-MSCs at all doses
tested (Fig. 2C). In addition, basal pressure and maximum con-
traction pressure increased significantly in KC rats compared to
sham rats. M-MSC injection did not significantly reverse this
effect at any dose tested (Fig. 2D).

Compared to the same dose of adult BM-derived MSCs, a
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P <0.001 compared with the KC group with Bonferroni posttest.

low dose (1 x 10°) of M-MSCs exhibited superior in vivo thera-
peutic potency. M-MSCs ameliorated the bladder function of
KC rats at a dose of 1 x 10° cells; at this dose, BM-derived MSCs
did not substantially improve aberrant bladder function (Fig. 3).

Histological Analysis of the Beneficial Effects of M-MSC on KC
As previously reported, KC bladders exhibited markedly in-
creased infiltration of Toluidine Blue-staining mast cells (Fig. 4)

Int Neurourol J 2018;22 Suppl 1:534-45
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Fig. 3. Superior therapeutic efficacy of M-MSCs compared to BM-MSCs at a low dose (1% 10° cells). Representative cystometry re-
sults of the indicated groups are shown. IVP, intravesical pressure; IAP, intra-abdominal pressure; KC, ketamine-induced cystitis; M-
MSC, multipotent mesenchymal stem cell; BM-MSCs, bone marrow mesenchymal stromal cells.

KC+M-MSC (0.25 % 10

)

Relative counts of mast cells

Sham  KC KC+M-MSC KC+M-MSC KC+M-MSC
(0.25x10°)  (0.5x10°% (1x10°

Fig. 4. The staining for mast cells. (A-E) The infiltrated mast cells in bladder tissues were stained with Toluidine Blue (red arrows)
(magnification, x 100; scale bar =100 pum). (F) Relative counts of mast cells were displayed in a bar graph. KC, ketamine-induced cys-
titis; M-MSC, multipotent mesenchymal stem cell. “P <0.01, “"P <0.001 compared with the KC group with Bonferroni posttest.

and more TUNEL-stained apoptotic cells (Fig. 5) compared to (Fig. 6), which is generally considered an important feature of
the sham group. Administration of M-MSCs significantly re- KC. On gross histological examination, urothelial denudation
versed mast cell infiltration and apoptosis in KC bladders (Figs. and inflammation were hardly found in the bladders of either
4, 5). Furthermore, M-MSCs prevented bladder tissue fibrosis group (Fig. 7). Together, the results show that a single injection
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KC+M-MSC (0.25x 10°)
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Relative counts of TUNEL cells
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(025%10°)  (0.5x 10 (1x10°)

Fig. 5. TUNEL staining. (A—E) The apoptotic cells (green) in the bladder sections were stained with a TUNEL assay (magnification,
% 400; scale bar =100 pm). (F) Relative counts of TUNEL cells were graphed. TUNEL, terminal dUTP nick-end labeling; KC, ketamine-
induced cystitis; M-MSC, multipotent mesenchymal stem cell. “"P <0.001 compared with the KC group with Bonferroni posttest.

KC+M-MSC (0.25x10°

Relative area of fibrosis

Sham KC KC+M-MSC KC+M-MSC KC+M-MSC
(025x10°)  (0.5% 10%) (1x10%

Fig. 6. The staining for detection of the fibrotic changes. (A—E) Fibrosis in the bladder sections was stained with Masson’s Trichrome
stain (magnification, x 100; scale bar = 100 pm). The blue color indicates fibrosis. (F) Fibrosis was quantified by digital image analysis.
KC, ketamine-induced cystitis; M-MSC, multipotent mesenchymal stem cell. “P <0.01, ™P <0.001 compared with the KC group with
Bonferroni posttest.
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Fig. 7. Histological examination for assessing the urothelial integrity and inflammation. Hematoxylin and Eosin staining was used to
evaluate the integrity of urothelium and the inflammation (magnification, x40; scale bar =100 um). There was no difference between
the groups with regard to the integrity of urothelium and the inflammation. Significant denudation of urothelium and inflammation
were scarcely found in the bladders of either group. KC, ketamine-induced cystitis; M-MSC, multipotent mesenchymal stem cell.

of M-MSCs into the bladder helps to treat KC bladder by pro-
tecting against the abnormal changes in mast cell infiltration,
apoptosis and fibrotic damage, in a dose dependent manner.

Gene Expression Analysis by Real-Time Quantitative-PCR
Gene expression analysis indicated that several genes associated
with tissue fibrosis, including those encoding transforming
growth factor beta-1, and -2 (TGF-B1 and -f32), SMAD family
members 2 and 3 (Smad2 and Smad3), and snail family zinc
finger 2 (Snai2), were markedly upregulated in KC bladders.
However, their expression levels were significantly suppressed
after injection of M-MSCs (Fig. 8A), which indicates that such
cells help to repress fibrotic damage seen in KC bladders.

Of genes associated with inflammation, that encoding tumor
necrosis factor alpha was upregulated in KC bladders. However,
we found no significant between-group difference in terms of
the expression levels of the chemokine C-X-C motif ligand 10
(Cxcl10) or interleukin (IL)-4, although KC bladders had high-
er levels of the relevant transcripts. On the other hand, the ex-
pression level of IL-10, an anti-inflammatory cytokine, was
markedly upregulated in bladders of the KC+M-MSC group
(Fig. 8B), which suggests that a single injection of M-MSCs
mitigated the inflammation induced by KC injury.

Caspase recruitment domain family member 10 (Card10),

Int Neurourol J 2018;22 Suppl 1:534-45

which plays a role in apoptosis, was not significantly upregulated
in the KC group.

DISCUSSION

The animal studies using KC models have great significance in
that they might also provide clues as to the pathophysiology of
IC and help develop the novel therapeutic options for both KC
and IC. Recently, Song et al. [30] described induction dose-de-
pendent cystometric and fibrotic changes associated with KC.
Using a rat KC model, the same research team was the first to
report that MSCs helped to cure KC by protecting against tissue
fibrosis [16]. Daily ketamine injection over 2 weeks induced KC
in Sprague-Dawley rats. KC bladders were characterized by se-
vere mast cell infiltration, tissue fibrosis, apoptosis, and reduced
bladder function. A single administration of UCB-derived
MSC:s into bladder tissue not only significantly ameliorated the
cystometric parameters, but also reversed the characteristic his-
tological and gene expression changes [16].

As KC is associated principally with long-time ketamine
abuse, a limitation of the previous study [16] is the short period
(2 weeks) over which ketamine was injected. The bladders may
have been affected in a manner somewhat distinct from the
bladders of actual KC patients. Thus, we developed a long-term
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KC model; ketamine was given over 12 weeks.

The bladders of the long-term KC model did not differ great-
ly from those of the short-term model. Rats injected with ket-
amine over 12 weeks exhibited severely decreased storage func-
tion of the bladder. They were also featured by mast cell infiltra-
tion, fibrosis, and apoptosis. We found that transplantation of
M-MSCs reversed all abnormal cystometric parameters and
prevented mast cell infiltration, apoptosis, and fibrosis of KC
bladders in a dose-dependent manner.

The pathogenesis of KC is complicated, involving many dif-
ferent pathways. Jhang et al. [5] suggested that the pathological
changes in KC might be caused by persistent bladder inflam-
mation, followed by collagen accumulation and fibrosis. How-
ever, in the present study, denudation of the urothelium and in-
flammation were barely evident in KC bladders, but fibrotic
changes were detected. Such results again emphasize that the
pathogenesis of KC is complicated and the pathological find-
ings vary greatly. Indeed, several previous studies have reported
contradictory results in terms of induction of urothelial degen-
eration in the bladders of ketamine-treated rats [31,32]. These
contradictory results might be due to the different protocols
used to induce KC injury. Rajandram et al. [33] considered that
disruption of urothelial barrier function might not be the major
pathogenic mechanism in KC.

Large-scale production of MSCs is desirable for the develop-
ment of cellular therapies for various medical conditions. MSCs
derived from hESCs (M-MSCs) may serve as an unlimited
source for MSCs [23,24]. Moreover, M-MSCs exhibit prolonged
proliferative capacities, overcoming the lack of availability of
MSCs from adult tissues. A recent study provided the first evi-
dence of therapeutic efficacy of hESC progeny for treating uro-
logic disorders [34]. They showed efficacy of M-MSCs in IC
animal model established by hydrochloric acid instillation.

In this study, we demonstrated the therapeutic efficacy of
hESC-derived M-MSCs on KC in rats. Importantly, at a low
dose, M-MSC had greater beneficial effect on bladder function
than did BM-MSCs. Superior potency of M-MSCs might be at-
tributable to enhanced in vivo engraftment and survival [34],
both of which are critical challenges for therapies based on
MSCs from adult tissues. In several preclinical and clinical trials
using adult-tissue derived MSCs, poor engraftment and surviv-
al of the transplanted cells under in vivo conditions have pro-
voked skepticism with regard to MSC therapy. The improved
engraftment of M-MSCs observed in IC animal models led to
their functional integration into bladders to regenerate the
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damaged urothelium and also to suppress the provoked inflam-
matory insults [34]. A further study is required to investigate
the mechanistic insight about the enhanced therapeutic capaci-
ty of M-MSCs in treating KC.

Potentially serious safety issues associated with hESC-based
therapy must be addressed, including the possible formation of
teratoma and other tumors, potential immune reactions, and
the risk that the cell will differentiate into unwanted cell types.
Adequate assessment of the biological and molecular properties
of engrafted cells in pathological environments is essential for
the development of effective and safe stem cell-based therapies.
Therefore, further studies are needed to assess long-term safety,
graft survival, and the in vivo properties of M-MSCs used to
treat KC or IC. Recently, Kim et al. [34] monitored long-term
safety of transplanted M-MSCs in living animals.

Another limitation of our study is that we did not assess
bladder pain. BPS/IC and KC are both chronic painful bladder
conditions. IC was originally considered a bladder disease, but
BPS/IC is now considered a chronic pain syndrome [35]. In pa-
tients with BPS/IC, chronic neuropathic pain may continue af-
ter the resolution of tissue damage, reflecting the fact that a
maladaptive mechanism remains in play. This may also be true
of patients with KC. Central sensitization may be involved in
the pathogenesis of both KC and BPS/IC. Pain is a subjective
sensation; surrogate and behavioral markers of pain can be
measured in animal models [36]. Visceral pain, such as pain
emanating from the bladder, may manifest as cutaneous hyper-
sensitivity that is quantifiable by mechanical allodynia [37]. In
animal models of KC or IC, assessment of pain and evaluation
of the peripheral and central mechanism in play could help fur-
ther elucidate the pathophysiology of these conditions and the
efficacy of stem cell-based therapies.

In conclusion, our findings demonstrate for the first time the
therapeutic efficacy of M-MSCs on KC in rats. The injection of
M-MSCs restored bladder function more effectively than did
BM-derived MSCs, protecting against abnormal changes in
mast cell infiltration, apoptosis and fibrotic damage. Though
further studies are necessary, M-MSCs might be a promising
option to treat KC.
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