creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

[UCI]1804: 48009- 200000177119

Lo
B
=
>
ﬂ_‘
%
s
i
el

Therapeutic effects of mesenchymal stem cells

for diabetic detrusor underactivity in rat model
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ABSTRACT

Background

Detrusor underactivity or underactive bladder has limited pharmacological treatment and

surgical intervention. Diabetes, a global public health problem, is one of the risk factors. We

aimed to establish a rat model with diabetic detrusor underactivity and evaluate therapeutic

effects of multipotent mesenchymal stem cells (M-MSCs) derived from human embryonic

stem cells (hESCs).

Materials and methods

8-week-old female Sprague-Dawley rats were used to create diabetic model and M-MSCs

were prepared by differentiation of human embryonic stem cell. The optimal dose and timing

for further experiment were established by comparing the mortality rate with different dosage

of streptozotocin (STZ, 50mg/kg vs. 60mg/kg) and longitudinal change in bladder function

(14 days vs. 21 days vs. 28 days). Accordingly, rats were fasted overnight (>12hours) and

STZ 50mg/kg was injected intraperitoneally. Blood sample was acquired to measure serum



glucose level three days later. Rats with plasma glucose level <200mg/dL were excluded from

the study. Three weeks (21 days) after induction, diabetic model created with 50mg/kg of

STZ was divided into five groups: sham (n=10), DM (n=10), 250k M-MSC (n=10), 500k M-

MSC (n=10) and 1,000k M-MSC (n=10). Three different dose of M-MSCS were directly

injected into the submucosal layer at anterior wall or dome of the bladder with 26-gauge

needle. One week after the injection, awake cystometry and immunohistochemical staining

were performed.

Results

STZ group had significantly longer micturition interval (106.3+1.47 vs. 55.47+0.52 sec;

p<0.001), larger residual urine (0.25+£0.01 vs. 0.12+0.03 mL; p<0.005) and decreased

micturition pressure (23.07£2.05 vs. 56.99+0.64 cmH,O; p<0.001) on awake cystometry than

sham group. Immunohistochemical staining showed increased apoptosis of muscle tissue in

STZ group. However, M-MSC injection ameliorated bladder dysfunction and muscle layer

was restored even in suboptimal dosage. Under confocal imaging, M-MSCs were mostly

observed at stroma in muscle layer of the bladder.

i



Conclusions

We established diabetic DUA model with STZ injection in rats. Transplantation of human

ESCs derived M-MSC ishowed the possibility of therapeutic effect on established models. It

is estimated that M-MSCs differentiate into myocyte and perivascular structures. Further

study to identify differentiation and reveal the exact mechanism of M-MSCs is needed.

Keywords: Detrusor underactivity, diabetes mellitus, streptozotocin, mesenchymal stem cell
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INTRODUCTION

Detrusor underactivity (DUA) is a urodynamic diagnosis defined as “a contraction

of reduced strength and/or duration, resulting in prolonged bladder emptying and/or failure

to achieve complete bladder emptying within a normal time span” by International

Continence Society.' The accurate prevalence of DUA is not known, as the diagnosis is based

on invasive pressure flow studies, but it is assumed to have a higher incidence in elderly.

DUA might lead to both storage and voiding lower urinary tract symptoms, recurrent urinary

tract infection and urinary retention, resulting in deterioration of patients’ quality of life.?

Recently, a concept of underactive bladder (UAB) has been developed for the symptom-based

correlation of DUA.*

DUA or UAB might result from various pathological processes that could be

classified as idiopathic, neurogenic, or myogenic.’ Idiopathic DUA is defined as ‘free of

evident neuropathy, functional or anatomical bladder obstruction and shows low or no

detrusor pressure combined with low maximum flow and large post-void residual, or urinary

retention’.® Neurogenic DUA is due to any alteration of neural control mechanisms.’



Myogenic DUA may result from the alteration in ion storage and/or exchange, energy

generation and degenerative change of bladder smooth muscle.® However, there is a lack of

understanding in natural course and underlying pathophysiological mechanisms of DUA.

Aging, neurological deficits, diabetes mellitus (DM), persistent bladder outlet

obstruction with consequent detrusor hypertrophy are suggested risk factors for DUA.? Above

all, DM is one of the most important global public health challenges of twenty-first century

of which prevalence is estimated up to 10%.'° DM is a predisposing factor for various

complications and diabetic cystopathy has incidence of 50% in diabetic patients.'' Duration,

severity and adequate control of the disease affects the severity of diabetic cystopathy.'* Exact

pathogenesis of diabetic cystopathy is unclear, but it is suggested that myogenic dysfunction

of detrusor leads to decreased contractility and DM-associated autonomic neuropathy

decreases bladder sensation.'*!* Treatment options for DUA can be subcategorized into the

augmentation of detrusor contractility, reducing bladder outlet resistance and circumvention

of existing problems."> However, effective pharmacological treatment or surgical intervention



of DUA is lacking'® and one study showed that 84% of DUA patients who initially chose

conservative management remained untreated at nearly 14-year follow-up.'’

Stem cells undergo self-renewal and simultaneously give rise to differentiation-

related progenitors to replace damaged cells.'® Therapeutic potential of stem cell has been

studied in various bladder dysfunction animal models." Previously, we have demonstrated

the therapeutic effects of multipotent mesenchymal stem cells (M-MSCs) derived from

20-22

human embryonic stem cells (hESCs) in different interstitial cystitis (IC) rat models.

Regarding DUA, chronic ischemia by bilateral iliac artery ligation or hyperlipidemia,

cryoinjury or pelvic injury models were used and there has been only one stem cell study

with diabetic DUA model.> Commonly used diabetic rat model is streptozotocin (STZ)

model, as a model can be created with single injection.** In this study, we aimed to create our

diabetic DUA model with STZ and evaluate the therapeutic effects of M-MSCs.



MATERIALS AND METHODS

1. Culture of hESC (human embryogenic stem cell)-derived M-MSC

Human H9 ESCs were differentiated into M-MSCs following previously described

protocols.?*?® Established M-MSCs were cultured in EGM2-MV medium (Lonza, San Diego,

CA, USA) on rat tail collagen type I (Sigma-Aldrich, St. Louis, MO) coated plates in a

humidified and heated atmosphere of 5% CO; at 37°C. All M-MSCs were expanded less than

ten passages to ensure multipotency. GFP expression was established by infection of a GFP

expressing lentivirus, which was produced as previously described.?

2. Animal model and study design

All experimental animal procedures were approved by the institutional animal care

and use committee. Female Sprague-Dawley rats (8-week-old) were used in this study. STZ

(Sigma Chemical Company, St. Louis, MO, USA) was used to induce type I diabetes.

To find out optimal dose of STZ for the diabetic model, rats were injected with

different dosage of STZ (50 or 60 mg/kg body weight in 0.1M citrate buffer, Ph 4.5, n = 10,

respectively) intraperitoneally after overnight fasting. Blood glucose level was measured 72



hours after with samples obtained by tail prick. Rats with glucose level higher than 200 mg/dL

(16.7 mmoL/L) were selected as diabetic rats. Survival of rats in each group was identified

four weeks after diabetes induction. Then, we performed awake cystometry to evaluate

bladder function. STZ concentration was selected based on the survival rate and presence of

DUA (Figure 1A).

Next, we observed longitudinal change of bladder function to select optimal timing

for stem cell injection. In diabetic model created with optimal STZ concentration, we

evaluated bladder functions 14, 21 and 28 days later (n = 3, respectively) with awake

cystometry (Figure 1B).

Finally, we injected different dosages of M-MSCs to figure out therapeutic effect

and suboptimal dosage. After an overnight fast, rats were intraperitoneally injected with STZ

(50 mg/kg body weight in 0.1M citrate buffer, Ph 4.5) dissolved in citrate acid buffer solution.

The remaining rats were injected with an equivalent volume of citrate buffer solution and

served as controls. Rats with plasma glucose level higher than 200 mg/dL (16.7 mmoL/L)

three days later were selected as diabetic rats. Three weeks after diabetes induction, the rats



were anesthetized with 0.2 ml tiletamine (Zoletill®, Virbac Laboratories, Catros, France)

and divided into five groups: nondiabetic controls (Con, n = 10); diabetic rats injected with

PBS (diabetes mellitus [DM], n = 10); diabetic rats a single administration of the indicated

dose (0.25, 0.5, and 1x10° cells/200uL, n = 10) of M-MSCs into the outer-layer (serosa) of

the bladder. The therapeutic effect of stem cells was examined with awake cystometry and

histological 1 week after stem cells injection. Body weight and blood glucose levels were

measured and recorded weekly during this study. Fasting and postprandial blood glucose

levels were determined with an Accu-check blood glucose meter (Roche Diagnostics) before

the rats were killed (Figure 1C).
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3. Evaluation of Bladder Function and Tissue Preparation

Cystometric evaluation was performed in the awake state with unrestrained animals

in metabolic cages. Three days prior to the cystometrogram, intravesical pressure (IVP) and

intra-abdominal pressure (IAP) recordings were performed. The urethra was approached by

using a PE-50 catheter (Clay Adams, Parsippany, NJ) connected to a pressure transducer

(Research Grade Blood Pressure Transducer; Harvard Apparatus, Holliston, MA, USA) and

a microinjection pump (PHD22/2000 pump; Harvard Apparatus). The voiding volumes were

recorded by means of a fluid collector connected to a force displacement transducer (Research

Grade Isometric Transducer; Harvard Apparatus) as normal saline was infused into the

bladder at a rate of 0.4 ml/min. The IVP, IAP and voiding volumes were recorded

continuously using Acq Knowledge 3.8.1 software and an MP150 data acquisition system

(Biopac Systems, Goleta, CA, USA) at a sampling rate of 50 Hz. The mean values from three

reproducible voiding cycles using individual animals were used for evaluation. Criteria for

counting non-voiding contraction (NVC) was when the increments of IVP exceeded 15

c¢cmH»O from baseline without expelled urine. BP (bladder pressure) was defined as the lowest



bladder pressure during filling, MP (micturition pressure) as the maximum bladder pressure

during the micturition cycle, MV (micturition volume) as the urine volume of expelled urine,

and RV (residual volume) as the urine volume remaining following voiding. In agreement

with prior work, MI (micturition interval) was defined as the interval between micturition

contractions and BC (bladder capacity) was defined as MV + RV. The mean values from three

reproducible micturition cycles were evaluated with five individual animals (n=5). After

evaluation of voiding function, the bladder of each rat was harvested. Half of each bladder

was cryopreserved in liquid nitrogen for RNA extraction. The remaining half was fixed in 4%

buffered formalin and embedded in paraffin prior to sectioning followed by

immunohistochemical staining.

4. Histological analysis

After 24-hours fixation in 4% paraformaldehyde, each bladder was embedded in

paraffin, cut on a microtome into 3-pm-thick slices, affixed to slides, and stained with

hematoxylin and eosin. The histological quantification of smooth muscle, tissue fibrosis,

apoptosis and neurofilament was assessed by immunostaining of Masson’s trichrome



staining (Junsei Chemical, Tokyo, Japan), TUNEL staining (1 684 795; Roche, Mannheim,

Germany) and neurofilament 200 (N200; Abcam, Cambridge, MA, USA) staining. The

nuclei were counterstained with 4’,6-diamino-2-phenylindole (DAPI). Three randomly

chosen representative areas were selected from each slide for quantitative digital image

analysis using Image Pro 5.0 software (Media-Cybernetics, Rockville, MD, USA).

5. Organ bath study

We performed organ bath study in sham (n = 5), DM (n = 5) and diabetic rats with

single administration of M-MSCs (1x10° cells/200uL, n = 5). The bladders were cut into

two strips with mucosa along the longitudinal axis. The strips were mounted in an organ

bath system (Danish Myo Technology, Aarhus, Denmark) containing 15mL of Krebs buffer.

Briefly, bladder strips were subjected to resting tension of 1g and allowed to stabilize for at

least 60 minutes. Contractions were recorded as changes in tension from baseline in

response to 60 mM KCl, carbachol (concentration from 3 nM to 100 mM), electrical

field stimulation (EFS; 1,2,4,8,16 and 32 Hz ) and 1 mM ATP. All tissue responses

were normalized to tissue weight in g. Drug concentrations are expressed as final

10



concentrations in the bath. Drugs and chemicals were obtained from Sigma.

6. GFP staining

GFP" M-MSCs in the bladder were tracked by staining samples with a rabbit

polyclonal anti-GFP antibody (ab290; Abcam, Cambridge, MA, USA). Differentiation of

GFP" cells into epithelial, stromal, endothelial, and perivascular cells was examined by

staining samples with antibodies against E-cadherin (612130; clone 36; FITC-conjugated;

BD Biosciences), vimentin (sc-6260; Santa Cruz Biotechnology), CD31 (sc-376764; Santa

Cruz Biotechnology), respectively. To analyze the cellular properties of surviving M-MSC:s,

immunohistological analysis of bladder tissues was performed by multichannel scanning

laser confocal imaging.

7. Statistical analysis

Data were reported as the mean + standard error of the mean (SEM) and were

analyzed by GraphPad Prism 6.0 software (GraphPad Software, La Jolla, CA). Differences

and significance were verified by one-way or two-way ANOVA followed by Bonferroni post

hoc tests. P-value less than 0.05 was considered statistically significant.

11



Results

Creation of DUA model

Survival of rats injected with different dosage of STZ is illustrated in Figure 2A.
Rats with STZ (60 mg/kg body weight in 0.1M citrate buffer, pH 4.5) showed higher mortality
than 50 mg/kg group (70% vs. 20%) on day 21. In awake cystometry, the diabetic model on
day 14 showed no significant difference in general condition with the sham group. In addition,

diabetic model on day 28 had no detrusor contraction and self-voiding (Figure 2B).

Evaluation of bladder function with awake cystometry

To evaluate the functional improvement of bladder with a single administration of
M-MSCs, we employed awake cystometry (Figure 3A). In comparison with animals in a
sham-operated group (sham), STZ group exhibited irregular voiding patterns and increased
micturition intervals (MI) (106.3+1.47 vs. 55.47+0.52 sec; p<0.001), micturition volume
(MV) (0.45+0.03 vs. 0.25+£0.02 mL; p<0.001), bladder capacity (BC) (0.68+0.01 vs.
0.38+0.01 mL; p<0.001), and residual volume (RV) (0.25+0.01 vs. 0.12+0.03 mL; p<0.005).
STZ group also showed decreased micturition pressure (MP) (23.0742.05 vs. 56.99+0.64
cmH>0; p<0.001), and maximum pressure (23.824+2.06 vs. 57.16+£0.64 cmH,0; p<0.001).
A single transplantation of 1x10° M-MSCs into the STZ + M-MSC group significantly

ameliorated these defective voiding parameters. (Figure 3B)

12



Figure 2. Establishment of animal model

(A) Optimal dosage of MSC regarding survival rate (B) Optimal timing for stem cell injection

12
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Figure 3. M-MSCs injection ameliorated the bladder dysfunction in STZ rat mo
del

Representative awake cystometry results (B) quantitative voiding parameters. Data are
presented as the mean = SEM (from 5 independent animals in each group), *p < 0.05, **p <
0.01, ***p < 0.001 compared to the LPS-IC group; #p < 0.05, ##p < 0.001, ###p < 0.001
compared to the 1000 K group with Bonferroni post-test. [VP; intravesical pressure, IAP;

intra-abdominal pressure. Sham: sham-operated.
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Histological analysis of the effect of MSC therapy

Compared with the sham-operated rats, the bladders of the STZ rat model presented

smooth muscle atrophy and no significant difference in fibrosis with Masson's trichrome

staining. Tissue apoptosis with markedly observed in terminal dUTP nick-end labeling

(TUNEL)-stain. M-MSC administration significantly reversed the smooth muscle atrophy

and apoptosis of STZ bladder. However, there was no difference in neurofilament between

sham and DM group. (Figure 4).

Organ bath study

The contractile responses to 80 mM KCI, 1 mM ATP, frequency response to

electrical field stimulation (EFS), concentration-response curve to carbachol (Cch) in the DM

bladder strips were significantly lower than those in the control bladder strips. In the DM+M-

MSC group, the contractile responses were significantly higher than those in the DM groups

at the higher but not the lower frequencies (Figure 5).

16



Figure 4. M-MSC therapy ameliorated histological abnormalities in STZ bladder.

Hematoxylin and eosin (H & E) staining (i) (magnification x200, scale bar = 100 pm),

Masson’s trichrome staining (ii) (magnification x100, scale bar = 100 um), TUNEL assay

(ii1) (magnification x400, scale bar = 100 um) and N200 staining (iv) (magnification x100,

scale bar = 100 pm) in bladder tissues of STZ rats 1 week after PBS injection or

transplantation of M-MSCs at the indicated dosage (K = a thousand). Data are presented as

the mean + SEM, **p < 0.01, ***p < 0.001 compared to the LPS-IC group; #p < 0.05, ##p <

0.001, ###p < 0.001 compared to the 1000 K group with Bonferroni post-test.
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Figure 5. Organ bath study

Contractile response to 80 mM KCI, 1 mM ATP, frequency response to electrical field

stimulation (EFS), concentration-response curve to carbachol (Cch) in control, DM and

DM+M-MSC rats.
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300+ 1001

200+

olg tissue

100+
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GFP staining, What M-MSCs differentiate into

Engrafted cells, epithelial cells, stromal cells, and endothelial cells were detected

based on expression of GFP, E-cadherin, vimentin, and CD31, respectively (Figure 6).

At 7 DAT, many GFP+ cells were detected in the urothelium, lamina propria, and serosa. The

majority of these cells were located at muscle layer, and only a few were found in serosa.

GFP+ cells were rarely observed in urothelium with E-cadherin staining, indicating that they

did not differentiate into epithelial cells. The majority of GFP+ cells located at muscularis

were strongly stained with an anti-vimentin antibody, indicating that they had differentiated

into stromal cells and perivascular cells. GFP+ cells located in the endothelium were CD3 1+,

indicating that they had differentiated into endothelial cells. Taken together, these results

demonstrate that transplanted M-MSCs stably engrafted and migrated to the damaged

muscular layer, where they differentiated into different cell types.

22



Figure 6. Immunostaining analysis of transplanted M-MSCs.

Confocal micrographs of M-MSCs stably expressing GFP (red) and immunostaining of the
marker proteins E-cadherin (Ecad), vimentin, and CD31 (green) in bladder sections of DM-
DUA + M-MSC rats at 7 DAT (magnification x1,000, scale bar = 10 [m). Nuclei were
stained with DAPI (blue). Arrows indicate GFP+ engrafted cells co-expressing each tissue
marker. Notably, the majority of transplanted GFP+ cells at 7 DAT was strongly stained with

the vimentin expressing stromal cells and perivascular cells.

DAPI (Nuclear) GFP (M-MSC) Tissue markers

.. “
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DISCUSSION

In this present study, we made diabetic DUA model with STZ and evaluated

therapeutic effect of M-MSC. Diabetic rats were with 50 mg/kg STZ had adequate survival

rate and the optimal timing for stem cell injection was 21 days later. Diabetic models showed

atrophy and apoptosis of detrusor smooth muscles in immunohistochemical staining and

presented voiding profiles of DUA such as increased micturition interval, large post-void

residual, impaired contractility and decreased micturition pressure. M-MSCs restored

histological and functional changes of diabetic DUA rats.

To our knowledge, this is the first study to demonstrate therapeutic effect of M-

MSCs in diabetic DUA model. In the previous study by Zhang et al, autologous adipose

tissue derived mesenchymal stem cells (ADSCs, 3.0x10° cells) were injected via tail vein or

directly to bladder. ADSCs ameliorated diabetic bladder dysfunction significantly, but there

was no significant difference in therapeutic efficacy based on the route of stem cell

injection.?” In addition, they suggested that defocused low-energy shock wave recruited

endogenous stem cells by secreting more NGF and VEGF.?® Our diabetic model used a

24



lower dose of M-MSCs from human embryo and injection route was direct transplantation

to bladder serosa accordingly to our previous study protocols in IC rat model.

The advantage of hESCs is that hESCs can differentiate to all cells types of the body

upon proper induction without losing pluripotency.””** However, one major concern is a

possibility for rejection via antigenicity and immunological processes. T cells and major

histocompatibility complex class 1 (MHC-1) are considered to have a pivotal role in

xenorejection of hESCs and their derivatives.! However, previous studies identified the

immune-stimulatory capacity of cells is very low.** Using mice that were conditioned to carry

peripheral blood leukocytes from human origin to test human leukocyte alloresponse toward

undifferentiated and differentiated hESCs, only a minute immune response was detected.*?

Hyperglycemia can induce cellular damages through oxidative stress and other

mechanisms. Excess glucose oxidation produces electrons used in the formation of reactive

oxygen species.** In vitro experimental studies with animal models showed functional

changes in detrusor smooth muscle, neuronal impairment and urothelial dysfunction.** And

the severity of diabetic cystopathy depends mainly on disease duration and controllability.

25



Our diabetic DUA rat model is presumed to have predominant myogenic

pathophysiology. DUA profile became apparent 21 days after induction with increased

smooth muscle atrophy and apoptosis leading to decreased detrusor contractility whereas no

difference in neurofilament was observed. However, suggested mechanisms of diabetic

cystopathy not only includes myogenic degeneration but also denervation. Considering

acontractile bladder observed in 28 days after induction, prolonged duration of diabetic state

might have led to a more irreversible state of bladder damage including denervation.

Longitudinal changes in histology of diabetic rat bladder should be determined whether

models with prolonged diabetes present decreased neurofilament (NGF) and angiogenesis

(VEGF).

Previously, we have demonstrated that transplanted M-MSCs replenish denuded

urothelium in early stage and progressively contribute to perivascular cells in IC rat models.

The exact mechanism for bladder function restoration of our model is unclear, but histological

change suggests that M-MSCs might have ameliorated smooth muscle apoptosis and

differentiated into myogenic structures and pericytes near vessel-like structures in muscular
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layer. Regeneration of damaged myocytes resulted in restored detrusor contractility. However,

additional GFP staining for smooth muscle (alpha smooth-muscle actin) and PCR of gene

expression is needed.

The limitation of our study is that we only utilized one means to induce diabetic

state. Diabetes can be generally classified as type 1 diabetes -inability to produce enough

insulin due to loss of insulin-producing B—cells in pancreas islets and type 2 diabetes- cells

non-respondent to insulin leading to reduction in uptake of sugars from blood stream. STZ is

toxic to B—cells in pancreas and induces type 1 diabetes. In addition, most of DM patients

have type 2 diabetes which have multifactorial etiologies including genetics, environment,

diet and autoimmune.*® However, as hyperglycemia is the principal factor in pathogenesis
ypergly p p p g

and natural course of diabetes, so animal models of both type 1 and type 2 are extensively

used for further investigation of DM.

Further studies with our current model are planned in following orders; 1) additional

organ bath studies with carbachol (Cch) and 1 mM ATP to demonstrate that diminished

detrusor contractility in DM model is restored with M-MSCs. 2) Additional GFP staining and
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in vivo confocal imaging (confocal microscopy, microcystoscopy and micro-PET) to identify

what M-MSCs differentiate into, how long transplanted M-MSCs are sustained and their

potential tumorigenicity. 3) PCR of genes associated with smooth muscle apoptosis to figure

out the exact pathogenesis of our diabetic DUA and mechanisms of restoration by M-MSCs.
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CONCLUSION

Effective therapeutic strategies for detrusor underactivity is limited. In this present

study, we established our own diabetic DUA model with single injection of STZ in rat. Our

rat model presented voiding parameters similar to those of underactive bladder patients; low

maximal flow rate, low detrusor pressure, and large post-void residual etc. In addition, single

injection of M-MSC has proven its therapeutic efficacy by restoring histological

abnormalities and abnormal voiding patterns. The exact pathophysiology and therapeutic

mechanisms of M-MSC are unclear. Further studies to reveal the mechanisms of effectiveness

with M-MSCs is needed.
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