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Diabetes mellitus is associated with a broad constellation of voiding complaints that are often multifactorial and
resistant to currently available therapies. The leading causes of diabetic bladder dysfunction (DBD) include
alterations in the bladder smooth muscle, neuronal degeneration, and urothelial dysfunction. Adipose tissue-
derived stem cells (ADSCs), a type of mesenchymal stromal cells, have shown promise as a novel tissue
regenerative technique that may have utility in DBD. The aim of this study is to determine the efficacy and
mechanism by which ADSCs may ameliorate DBD in rats fed a high-fat diet and treated with low-dose
streptozotocin to induce type II diabetes. Improved voiding function was noted in ADSCs-treated rats as
compared with phosphate-buffered saline-treated rats. Though some ADSCs differentiated into smooth muscle
cells, paracrine pathway seems to play a main role in this process, thus resulting in reduction of apoptosis and
preservation of ‘‘suburothelial capillaries network.’’

Introduction

Diabetic bladder dysfunction (DBD) refers to a range
of voiding complaints that are prevalent in men and

women with diabetes mellitus (DM) [1]. Based on both animal
studies and human findings, Daneshgari et al. [1] proposed
that DBD typically evolves in a time-dependent progression
of both storage and voiding problems. The early phase of
DBD manifests as detrusor overactivity, thus leading to uri-
nary frequency and urgency. Over time, progressive oxidative
stress and neuropathy lead to decompensation of the detrusor
musculature, thereby leading to the hypocontractile or atonic
bladder. The protean nature of DBD is due in large part to the
numerous physiological insults that may occur in the diabetic
state, including alteration in smooth muscle cells (SMCs) ac-
tivity, neuropathy, and urothelial dysfunction [2].

There are many treatment options for voiding symptoms
that may be applied to patients with DBD; however, patients
with diabetes are often refractory to management due to low
response to therapy or high recurrence rates. Existing treat-
ments are also limited in that they are designed to mitigate
symptoms rather than treat the underlying disorder. Novel
paradigms for treating the underlying the disease processes
of DBD have been explored in recent investigations, includ-
ing supplementation of nerve growth factor therapy [3,4],
and N-hexacosanol therapy [5].

Adipose tissue-derived stem cells (ADSCs) are mesenchymal
stromal cells (MSCs) found in the perivascular space of adipose

tissue. These cells have the advantage of abundance and easy
access when compared with other stem cell types [6]. ADSCs
express common stem cell surface markers, genes, and differ-
entiation potentials as mesenchymal stem cells [7]. ADSCs have
demonstrated efficacy in preclinical studies of a range of uro-
logic conditions [8–11]. Although efficacy in these animal
models has been demonstrated, many questions remain. Of
particular importance is the mechanisms by which these cells
exert their effect; there is evidence that paracrine pathways may
be more important than direct cellular differentiation [8].

In the current study, we first investigated the utility of
ADSCs therapy for DBD in a type II DM rat model induced
by a high-fat diet (HFD) and low-dose streptozotocin (STZ).
Our goals were (1) to study DBD in a rat model of type II
diabetes; (2) to examine the effects of ADSC on DBD; and (3)
to assess both cellular differentiation and paracrine effect of
ADSCs after implantation.

Our hypothesis was that ADSCs would ameliorate void-
ing dysfunction in this rat model system of diabetes; we
further hypothesized that better voiding function would be
associated with paracrine pathways of ADSCs.

Materials and Methods

Experimental design

Thirty-nine female Sprague-Dawley rats (8 weeks old)
were obtained from Charles River Laboratories. All animal
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care, treatments, and procedures were approved by our In-
stitutional Animal Care and Use Committee.

All rats were given tap water ad libitum and maintained in
a temperature- and humidity-controlled room on 12-h light/
dark cycles. Ten rats fed with standard rat chow served as
the control group. The remaining 29 rats (Diabetic group)
were given a HFD (Zeigler Brothers) for 1 month, followed
by 2 intraperitoneal injections of STZ (Sigma-Aldrich) at
30 mg/kg separated by 1 week [12]. The rats were allowed to
continue to feed on their respective diets until the end of the
study. Body weight and fasting blood glucose (rats were
fasted for 12 h before measurement) were monitored every
week. Only rats with fasting blood glucose ‡ 140 mg/dL
were considered diabetic and used in subsequent portions of
the study.

Three months after STZ treatment, an insulin tolerance test
was performed as detailed next to assess the insulin sensi-
tivity of each group. All animals in each group then under-
went harvest of paragonadal fat via laparotomy for
procurement ADSCs as previously described [7]. ADSCs
were processed and labeled with 10mM 5-ethynyl-2-
deoxyuridine (EdU; Invitrogen). The 29 diabetic rats in the
diabetic group were randomly divided into 3 groups; group
1 received an injection of phosphate-buffered saline (PBS)
1 mL into the detrusor via repeat laparotomy (DM + PBS
group, n = 9); group 2 received 3 · 106 autologous ADSCs in
0.5 mL PBS via tail vein injection (DM + T group, n = 10); and
group 3 received 3 · 106 autologous ADSCs in 1 mL PBS by
an injection into the detrusor at the time of repeat laparot-
omy (DM + B group, n = 10). Rats in the control group re-
ceived 1 mL PBS in the detrusor via laparotomy (N + PBS
group, n = 10).

One month after treatment, all rats underwent conscious
cystometry and were sacrificed for histology analysis.

ADSCs harvest and processing, EdU labeling,
and then injection

ADSCs were harvested and cultured according to a stan-
dardized protocol [13,14]. The ADSCs cultured with this
technique were extensively characterized in previous studies
[7]. For tracking, ADSCs were treated with 10 mM EdU
overnight before the injection. A total of 3 · 106 EdU labeled
ADSCs were collected into a 2 mL conical tube containing
1 mL or 0.5 mL PBS and used for an injection.

ADSCs injection was performed according to previous
protocol [10]. All rats were anesthetized with isoflurane and
underwent midline laparotomy to expose the bladder. Rats
underwent an injection of 1 mL PBS (N + PBS and DM + PBS
groups) or 3 million autologous ADSCs in 1 mL PBS (DM + B
group) in the bladder. After treatment, the incision was
closed in 2 layers. DM + T rats received 3 million autologous
ADSCs transplanted via the tail vein.

Plasma insulin tolerance test

Three months after STZ injection, all rats underwent
plasma insulin tolerance test as previously described [12].
Insulin (1 IU/kg; Sigma-Aldrich) was administered by in-
traperitoneal injection, and blood samples from the tail vein
were collected at 0, 15, 30, 60, 90, and 120 min for the mea-
surement of plasma glucose. The value is presented as a
percentage of initial plasma glucose level.

Conscious cystometry

Awake cystometry was performed as previously de-
scribed [10,15]. Under isoflurane anesthesia, a polyethylene-
90 catheter was implanted into the bladder 24 h before
conscious cystometry. A second polyethylene-90 tube at-
tached to a latex balloon was placed in the intra-abdominal
space to measure abdominal pressure. At the time of cy-
stometry, the bladder was filled via the bladder catheter
with room-temperature PBS at 0.1 mL/min while recording
simultaneous pressure in the bladder and abdomen with
Laboratory View 6.0 software. Rats were allowed about
20 min for the voiding pattern to stabilize. Thereafter, mic-
turition was recorded for 1 h.

Measurement of plasma biochemistry

After euthanasia, 1 mL blood was collected into a tube
containing heparin (20mL, 200 IU/mL; Celsus) by puncture
of the inferior vena cava. Plasma was separated by centri-
fugation at 3,500 g for 10 min. Plasma insulin, triglyceride
(TG), high density lipoprotein (HDL), and low/very low
density lipoprotein (LDL/VLDL) were measured by
commercial insulin enzyme-linked immunosorbent assay
(ELISA) kit (Millipore) and TG, HDL, LDL/VLDL quantifica-
tion kit (BioVision) according to the instructions, respectively.

Immunofluorescence and Immunohistochemical
staining

Bladder tissue preparation, immunofluorescence, and im-
munohistochemical staining were performed according to
our previous protocols [16]. Five rats were randomly chosen
from each group for histological studies. Primary antibodies
included mouse anti-smooth muscle actin (SMA; Abcam),
rabbit anti-collagen IV (Col IV; Abcam), goat anti-uroplakin
II (UP II; Santa Cruz Biotechnology), mouse anti-rat endo-
thelial cell antigen-1 (RECA-1; AbD Serotec), and mouse
anti-stromal cell-derived factor-1 (SDF-1; Santa Cruz Bio-
technology). RECA-1 staining was performed with the avi-
din-biotin-peroxidase method by using the Vectastain Elite
ABC (Vector Laboratories, Inc.) with 3,3-diaminobenzidine
as the chromagen. All other antibody staining used second-
ary antibody conjugated with Alexa-488 fluor or Texas Red.
Actin was also stained by incubation over 20 min with
phalloidin (Invitrogen) in 4% paraformaldehyde.

For tracking ADSCs, tissue sections were incubated with
Click-IT reaction cocktail (Invitrogen) for 30 min at room
temperature.

Quantification of apoptotic cells and EdU-retaining
cells in bladder tissue

Quantification of apoptotic cells in bladder tissue was per-
formed by detecting DNA damage in-situ using TUNEL kit (BD
Pharmingen) staining according to the instruction and counter-
staining by 4’,6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich). After TUNEL staining, the slides were evaluated by
using fluorescence microscopy, and the number of apoptotic
nuclei (in mucosal layer and in muscular layer, respectively) was
counted by Image Pro Plus software (Media Cybernetics). To
generate statistically relevant data, 3 high-power microscopic
fields were counted in each sample of 5 rats in respective groups.
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The approximate number of EdU-retaining ADSCs in each
bladder (in submucosal layer and in muscular layer, re-
spectively) was calculated by multiplying the number of
EdU-expressing ADSCs in one section, and the number of
sections in one bladder could be cut. The number of EdU-
expressing ADSCs in one section was counted by Image Pro
Plus software. The number of sections in one bladder that
could be cut was calculated by dividing the thickness of the
whole bladder (after fixation in 2% formaldehyde) with the
thickness of one section (5 mm). To generate statistically rel-
evant data, EdU-retaining ADSCs were counted and calcu-
lated in 5 samples from DM + T and DM + B group.

Quantification of vascular endothelial growth
factor secretion

For quantification of secreted vascular endothelial growth
factor (VEGF), rat ADSCs and penile smooth muscle cells
(PSMCs) were treated as previously described [17]. To en-
sure unbiased assessment, all the processed culture media
were simultaneously subjected to ELISA for VEGF with a
commercial kit (R&D Systems). To generate statistically rel-
evant data, each cell medium was subjected to 3 independent
ELISA experiments, and each ELISA experiment included
triplicates of each cell medium.

Determination of apoptosis of cells in vitro,
and matrigel-based capillary-like tube
formation assay

Please see in Supplementary Materials and Methods file;
Supplementary Data are available online at www.liebert
online.com/scd.

Statistical analysis

Data were analyzed with Prism 5 (GraphPad Software,
Inc.) and expressed as mean – standard error of the mean for
continuous variables. Continuous data were compared
among the groups by using one-way analysis of variance.
The Tukey–Kramer test was used for post-hoc comparisons.
To evaluate the effect of ADSCs among the groups, Chi-
Square test was performed with Fisher’s Exact Test. Statis-
tical significance was set at P < 0.05.

Results

Animals in the diabetic group had higher mean body
weight (Fig. 1A), lower insulin sensitivity (Fig. 1B), modest
reduction of plasma insulin, significantly higher plasma
glucose level, and more dyslipidemia (Table 1) relative to the
control group. We posit that these animals closely resemble

FIG. 1. (A) Body weights in
2 groups were monitored ev-
ery week. The rats in diabetic
groups were fed high-fat food
from the beginning of the
study (small arrowhead). One
month later, all rats in the di-
abetic groups received strep-
tozotocin injections (large
arrowhead). (B) Insulin toler-
ance test. Insulin sensitivity
was assessed by the percent-
age of initial plasma glucose
level at different time points
after an insulin injection. In-
sulin resistance was noted in
the diabetic group.
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the pathophysiological state of type II DM in humans, con-
sistent with previous results [12,18].

Assessment of voiding function

Representative cystometric graphs of rats displaying normal
and abnormal voiding patterns are shown in Fig. 2A and B. All
rats in the N + PBS group (n = 10) manifested a normal voiding
pattern, with a voiding frequency of 8 to 9 times per 30 min
during cystometry. During each voiding episode, the net
baseline bladder pressure gradually increased from 0 to
*10 cmH2O before peaking at 38.9 – 9.3 cmH2O, and a discrete
amount of 0.4 – 0.14 mL voided saline was recorded with each

bladder contraction. Some rats in the DM + PBS group (n = 6)
manifested an abnormal pattern, with a voiding frequency of 1
to 2 times per 30 min. The net baseline bladder pressure grad-
ually increased from 0 to *20 cmH2O before peaking at
50.0 – 10.8 cmH2O, with a discrete voided amount of 3.74 –
1.09 mL. Besides, in the current study, a small number of rats
manifested another 2 abnormal cystometric patterns (Fig. 2C,
D): acontractile bladder (only 1 rat in DM + PBS group) and
detrusor overactivity (2 rats, 2 rats, 1 rat in DM + PBS, DM + T,
and DM + B group, respectively). Acontractile bladder pattern
was defined as continuous or intermittent urine leakage with-
out obvious detrusor contractions during the filling phase,
whereas detrusor overactivity pattern was defined as shorter

Table 1. Plasma Biochemistry

Groups N + PBS (n = 10) DM + PBS (n = 9) DM + T (n = 10) DM + B (n = 10) P value

Plasma glucose (mg/dL) 103.7 – 10.4a 376.8 – 125.7 370 – 132.7 389.1 – 87.9 < 0.001
Insulin (pM) 198.6 – 38.1 172.2 – 47.5 177.2 – 29.7 193.5 – 49.8 = 0.653
Triglyceride (mM) 1.13 – 0.46a 7.17 – 2.59 6.29 – 2.74 6.48 – 3.39 < 0.001
LDL/VLDL (mg/mL) 0.15 – 0.06a 0.76 – 0.24 0.79 – 0.27 0.83 – 0.32 < 0.001
HDL (mg/mL) 0.51 – 0.09 0.47 – 0.13 0.40 – 0.11 0.45 – 0.24 = 0.481

aP < 0.001 versus other groups.
LDL/VLDL, low/very low density lipoprotein; HDL, high density lipoprotein; DM, diabetes mellitus; PBS, phosphate-buffered saline.

FIG. 2. Assessment of voiding function with conscious cystometry. (A) Normal voiding pattern was noted in 10 rats of
N + PBS group, 4 rats of DM + T group, and 6 rats of DM + B group. (B) Abnormal voiding pattern was noted in 6 rats of
DM + PBS group, 4 rats of DM + T group, and 3 rats of DM + B group. (C) A contractile bladder pattern (1 rat of DM + PBS
group) and (D) detrusor overactivity pattern (2 rats of DM + PBS group, 2 rats of DM + T group, 1 rat of DM + B group) were
also regarded as abnormal cystometry. Boxed areas of left panels are enlarged into right panels, respectively. (E) Normal
voiding pattern was significantly more common (P < 0.05) in the DM + T and DM + B groups compared with the DM + PBS
group. BP: bladder pressure (cmH2O). AP: abdomen pressure (cmH2O). NBP: net bladder pressure (cmH2O). UW: urine
weight (g). DM, diabetes mellitus; PBS, phosphate-buffered saline.
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micturition intervals and smaller micturition volume per void
compared with normal pattern. A significant proportion of the
diabetic rats that received ADSCs transplantation had normal
voiding patterns (40% of the DM + T group and 60% of the
DM + B group compared with 0% of the DM + PBS group,
P < 0.05, Fig. 2E). The significantly (P < 0.05) shorter micturition
intervals and smaller urine volume in both DM + T and DM + B
relative to DM + PBS (Table 2) suggest that contractile function

of bladder is preserved after ADSCs injection regardless of the
route of administration.

Tracking of EdU-positive cells

Histological examination after 1 month revealed EdU la-
beled cells in the bladder submucosal and muscular layers
(Fig. 3A). A few EdU positive nuclei appeared to be

Table 2. Comparison of Voiding Behaviors in Conscious Cystometry

Groups N + PBS DM + PBS DM + T DM + B P value

Micturition interval (s) 327.4 – 98.7a 1799.3 – 219.4b 1294.0 – 371.2 1147.9 – 539.6 < 0.001
Urine volume per void (mL) 0.4 – 0.14a 3.74 – 1.09a 2.23 – 0.32 1.85 – 0.72 < 0.001
Maximum voiding pressure (cmH2O) 38.9 – 9.3c 50.0 – 10.8 46.1 – 11.2 45.3 – 11.4 = 0.116
Residual volume (mL) 0.01 – 0.02a 0.20 – 0.04 0.21 – 0.02 0.19 – 0.03 < 0.001

aP < 0.001 versus other groups.
bP < 0.05 versus DM + T and DM + B.
cP < 0.05 versus DM + PBS.

FIG. 3. Tracking of EdU-labeled ADSCs and identification of SDF-1 expression in the bladder. (A) EdU-positive ADSCs
were located mainly in muscular and submucosal layers (white arrow). Please note that some EdU colocalized with SMA.
Boxed areas in the · 100 graphs are shown in the corresponding · 1,000 graphs. (B) The number of EdU-positive ADSCs in
the whole bladder was counted and calculated by computer software. They only accounted for a small fraction of original
transplanted ADSCs. (C) Bladder tissue from DM + T group was stained with SDF-1 antibody. Expression of SDF-1 was
clearly detected in the bladder tissue sections. ADSC, adipose tissue-derived stem cell; EdU, 5-ethynyl-2-deoxyuridine; SMA,
smooth muscle actin; SDF-1, stromal cell-derived factor-1.
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colocalized with SMA staining. In the DM + T group,
*4.7 – 2.1 · 103 and 10.2 – 3.8 · 103 EdU-positive cells were
localized to muscular layer and submucosal layer, respec-
tively. In the DM + B group, 5.6 – 2.9 · 103 and 14.9 – 5.0 · 103

EdU-positive cells were localized to the muscular layer and
submucosal layer, respectively (Fig. 3B). Expression of SDF-1
was clearly identified in the bladder tissue of DM + T group
(Fig. 3C).

Quantification of apoptosis

Only cells positive for both TUNEL and DAPI were con-
sidered positive for apoptosis. Apoptotic cells were pre-
dominantly located in the mucosal layer and muscular layer
(Fig. 4A). Apoptosis was significantly more abundant in
DM + PBS animals compared with nondiabetic animals (Fig.
4B). Animals treated with ADSCs had a significantly less
apoptotic cells in mucosal layer relative to DM + PBS animals

(P < 0.05); no significant difference in the muscular layer was
detected.

For cultured rat urothelial cells, significantly more
(P < 0.001) apoptosis was observed in cells treated with high
glucose (HG group, 30.3% – 9.9%) versus those treated with
normal glucose (NG group, 5.1% – 0.8%). Significantly less
(P < 0.001) apoptosis was found in the cells treated with high
glucose in rat ADSCs conditioned medium (HG + ADSCs
CM group, 10.1% – 2.7%) versus HG group. No significant
difference in the cells treated with high glucose in rat PSMCs
conditioned medium (HG + PSMCs CM group, 33.4% – 8.1%)
was detected compared with HG group. For cultured rat
bladder SMCs, flow cytometry analysis showed significantly
more (P < 0.001) apoptosis in HG group (19.1% – 4.9%) versus
NG group (1.6% – 0.7%), significantly lower (P < 0.05) in
HG + ADSCs CM group (10.3% – 4.6%) versus HG group,
and no significant difference in HG + PSMCs group
(20.0% – 9.8%) versus HG group (Fig. 4C, Supplementary

FIG. 4. Quantification of apoptosis. (A) Only cells positive for both TUNEL and DAPI were considered positive for
apoptosis (white arrow). Apoptotic cells were located predominantly in mucosal layer compared with muscular layer in all
groups. (B) Quantification of the apoptotic nuclei per · 200 magnification field was analyzed by Image Pro Plus software.
Significantly less apoptosis was noted in groups that received an injection of ADSCs. (C) The percentage of apoptosis in
cultured cells with different treatments was evaluated. (D) Gene Caspase-3 expression in cultured cells was analyzed with
real-time PCR. NG: regular medium with normal glucose. HG: regular medium with high glucose. HG + PSMCs CM: rat
penile smooth muscle cells conditioned medium with high glucose. HG + ADSCs CM: rat ADSCs conditioned medium with
high glucose. DAPI, 4’,6-diamidino-2-phenylindole.
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Figs. S1A and S2A). TUNEL positive cells could be observed
in the cultured urothelial cells and SMCs (Supplementary
Figs. 1B and 2B).

For cultured rat urothelial cells, real-time PCR analysis
demonstrated significantly higher level Caspase-3 expression
in HG group versus NG group (P < 0.001), significantly lower
level in HG + ADSCs CM group versus HG group (P < 0.01),
and no significant difference in HG + PSMCs CM group
versus HG group (P > 0.05). For cultured rat SMCs, real-time
PCR analysis demonstrated significantly higher level
Caspase-3 expression in HG group versus NG group
(P < 0.01), significantly lower level in HG + ADSCs CM group
versus HG group (P < 0.05), and no significant difference in
HG + PSMCs CM group versus HG group (P > 0.05) (Fig. 4D).

Quantification of vascularity

In normal rats, a dense and continuous network of Col IV-
positive capillaries was detected below the urothelium
(Fig. 5A), and UP II, a specific differentiation product of
urothelial cells, was distributed as a dense layer on the lu-
minal surface of the umbrella cells (Supplementary Fig. S3).
In DM + PBS, both Col IV-positive capillaries network and
UP II layer lost continuity, deficient in some area or became
very thin in other areas. After treatment with ADSCs, both
the damaged Col IV staining and UP II staining were im-
proved. RECA-1 staining was intensely positive in the sub-
mucosal layer of N + PBS, DM + T, and DM + B with minimal
positivity in DM + PBS (Fig. 5B, C).

VEGF quantification assay in the current study (Fig. 5D)
revealed that ADSCs secreted significantly higher VEGF than
PSMCs (652.1 – 140.3 pg/mL in ADSCs conditioned medium,
348.8 – 96.7 pg/mL in PSMCs conditioned medium, P < 0.05),
thus suggesting that ADSCs exerted their angiogenesis effect
at least partly through VEGF.

Matrigel-based capillary-like tube formation assay in vitro
showed significantly upregulated human umbilical vein en-
dothelial cells’ (HUVECs) ability to form endothelial-like
tubes in HG + ADSCs CM group versus HG group (P < 0.01),
whereas no significant effects were observed in HG + PSMCs
CM group (P > 0.05) (Fig. 6).

Discussion

A number of animal models for type II diabetes in humans
have been developed; however, models that utilized just one
means of inducing the diabetic state may not be reflective of
the human condition [12]. Diabetes in humans may be re-
lated to genetic, environmental, dietary, autoimmune, and
possibly other occult causes. Therefore, we adapted the ap-
proach developed by Zhang et al. and Srinivasan et al.
[12,18], in which rats were fed with HFD and then given
multiple low-dose STZ to simulate the initiation and pro-
gressing of type II DM in humans.

Voiding dysfunction in humans with diabetes may take
the form of sensory deficit and poor contractility from a
hypocontractile bladder or an overactive bladder syndrome
typically described as urgency and frequency, with or
without incontinence [19]. In the current study, rats in the
DM + PBS group had cystometric findings most consistent
with hypocontractile bladders. According to Daneshgari’s
proposal of ‘‘temporal theory of DBD’’ [1], our rat model is,
hence, consistent with end-stage DBD.

Based on cystometric analysis, we found that all the rats
in the DM + PBS group had voiding dysfunction, whereas
only 60% and 40% in the DM + T and DM + B groups, re-
spectively, had voiding dysfunction 1 month after ADSCs
injection. In humans, DBD is a progressive disease, and
there is no cure at present. The fact that tail vein injection of
ADSCs ameliorates bladder dysfunction in 40% of rats was
beyond our expectations, because we did not expect that an
intravenous injection would work for the bladder. We are
also happy to see 60% of rats in the direct bladder injection
group normally void, because these rats continue to be
hyperglycemic and hyperlipidemic after ADSCs treatment.
In our previous study, we have noted a progressive dete-
rioration of both function and histology of the bladder in
these rats. It is likely that repeated ADSCs treatments and
correction of hyperglycemia and hyperlipidemia may be
needed to achieve better results. This will be the subject of
another study.

It remains unclear how the transplanted ADSCs improve
bladder function. In the DM + T group, injected ADSCs were
able to be localized to the bladder. This may be attributable
to homing factors such as SDF-1, as ADSCs have been shown
to express the SDF-1 receptor CXCR4 and migrate to SDF-1
in cell migration assays [20]. In our previous in vivo study,
SDF-1/CXCR4 also appears to mediate migration of ADSCs
toward prostate tumor in mice [21]. However, without
blockade examinations, it cannot be conclusively demon-
strated that SDF-1 mediates this effect in the current study.
After the tail vein injection, it is expected that ADSCs migrate
to many organs in the body. In a rat model of cavernous
nerve injury, we detected ADSCs in lungs, liver, prostate,
spleen, major pelvic ganglia, penis, and bone marrow after
an injection into the corpus cavernosum. After 28 days, most
of the ADSCs were cleared from other organs and moved to
the bone marrow to be reserved cells.

In the current study, we used EdU labeling as a tracking
method, which is incorporated into the nuclear DNA and,
therefore, makes it easier to colocalize with DAPI [22]. EdU
was incorporated into the nucleus in *50% of ADSCs with
this labeling system [22]. In both the DM + T and DM + B
groups, EdU-labeled cells in the bladder demonstrated the
capacity of ADSCs to survive for at least 1 month post-
transplantation. EdU-expressing ADSCs were observed to be
predominantly localized in the submucosa, and some of the
EdU-positive nuclei appeared to reside within cells expres-
sing SMA, thus suggesting that a small fraction of the
transplanted ADSCs may have differentiated into SMCs.
Time-dependent decline in ADSCs number after injection
into the corpus cavernosum has been previously reported
and suggests that the beneficial effects of ADSCs are estab-
lished early after injection [9]. The relative paucity of EdU
positive cells in the bladders of these animals after 1 month
suggests that the differentiation pathway plays at most a
minor role in the therapeutic effect of ADSCs. One expla-
nation is the immortal strand hypothesis [23]. Labeled DNA
in dividing cells will be quickly diluted by cell divisions but
will be retained for much longer periods in slowly dividing
stem cells. If the segregation of sister chromatids into stem
cell daughters is not random, and if the stem cell retains the
older unlabeled template strands, then the stem cell will lose
all labels by the second division after administration of the
label as a pulse.
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FIG. 5. (A) Collagen IV staining demonstrated a ‘‘suburothelial capillary network’’ located directly below the urothelium.
This network was densely stained and continuous in N + PBS, and was fragmented in DM + PBS. The network integrity was
greater in DM + T and DM + B groups relative to the DM + PBS group. (B) RECA-1 staining (black arrow) revealed that DM + T
and DM + B group had a greater density of blood vessels compared with the DM + PBS group. (C) The number of RECA-1
positive blood vessels was assessed. The blood vessel content was greater in DM + T and DM + B groups relative to the
DM + PBS group (P < 0.05). (D) Vascular endothelial growth factor secretion in the conditioned media of ADSCs and PSMCs
was quantified by enzyme-linked immunosorbent assay. Each bar represents the average of 3 independent experiments, and
each measurement was done in triplicate. PSMCs CM: rat penile smooth muscle cells conditioned medium. ADSCs CM: rat
ADSCs conditioned medium. RECA-1, rat endothelial cell antigen-1.
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Since cellular differentiation appears to play a minor role
in the therapeutic effects of ADSCs in this system, it is logical
to hypothesize that paracrine release of cytokines and
growth factors by transplanted ADSCs or their neighboring
cells is responsible for the observed effects. It has been shown
that secretion of bioactive materials by MSCs in response to
injury mitigates the inflammatory response and, in turn,
decreases injury and promotes repair [24,25]. Inhibition of
apoptosis is one of the downstream results of such bioactive
agents. ADSCs have demonstrated efficacy in reduction of
apoptosis in corporal tissue after cavernous nerve injury, and
a similar effect might be at work in this system [8]. The un-
derlying mechanisms may involve the secretion of VEGF,
insulin-like growth factor I), and hepatocyte growth factor
by ADSCs [26,27].

Angiogenic and vascular restorative properties of ADSCs
by intravenous or local administration have been noted in
previous in vivo studies [26,28]. Preservation of vascular
integrity has been associated with improved voiding func-
tion in a hyperlipidemic rat model of detrusor overactivity
[10]. In an in vitro culture system, ADSCs conditioned me-
dium could enhance angiogenesis in hypoxic conditioning
[29]. In the current study, ADSCs conditioned medium could
also promote capillary-like tube formation in high-glucose
conditioning. ADSCs are known to secrete VEGF and CXCL5
at higher rates than other cell types [30]. The ADSC-
enhanced angiogenesis in a cultured rat aortic ring model
was blocked by a VEGF blocker [31]. CXCL5 serves as che-
moattractant to ADSCs and HUVECs, and upregulates
HUVECs ability to form capillary-like tubes [17]. In the
current study, we found some evidence that ‘‘suburothelial
capillaries network’’ might be essential for the normal
physiological properties of urothelium. Further, VEGF and
CXCL5 secreting properties of ADSCs may under-estimate
the suburothelial protective effects of ADSCs therapy.

It is interesting that differences in the rate of abnormal
bladder function differed a little between the DM + B and
DM + T groups. The lack of significant difference may be due,
in part, to the small sample size. The optimal means for
administration of ADSCs remains open to further research.
Further, it is unclear whether ADSCs harvested before de-
velopment of the diabetic state may exert a more powerful
effect. The concept of ‘‘metabolic memory’’ [32] suggests that
ADSCs derived from diabetic animals might behave differ-

ently than those derived from healthy animals. Be that as it
may, it seems most likely that only individuals with a met-
abolic derangement leading to tissue damage will seek out
this form of treatment. Hence, the diabetic or other system-
ically ill animal models are appropriate research subjects for
preclinical research.

In conclusion, ADSCs transplantation ameliorates voiding
dysfunction in a rat model of type II diabetes created by a
HFD and low-dose STZ. ADSCs may exert effects partly due
to differentiation into SMCs, but paracrine effects seem more
likely an explanation for observed improvements. Inhibition
of apoptosis and promotion of vascular integrity may be the
most important functional changes after ADSCs treatment.
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