
RESEARCH ARTICLE

Detrusor Myocyte Autophagy Protects the
Bladder Function via Inhibiting the
Inflammation in Cyclophosphamide-Induced
Cystitis in Rats
Jiang Zhao1, Qixiang Song2, LiangWang1, Xingyou Dong1, Xingliang Yang1, Xinyu Bai1,
Bo Song1, Margot Damaser2, Longkun Li1*

1 Department of Urology, Second Affiliated Hospital, Third Military Medical University, Chongqing, China,
2 Department of Biomedical Engineering, the Cleveland Clinic, Cleveland, OH, United States of America

* lilongk@hotmail.com

Abstract
Autophagy, a highly conserved homeostatic cellular process that removes and recycles

damaged proteins and organelles in response to cellular stress, is believed to play a crucial

role in the immune response and inflammation. The role of autophagy in bladder cystitis,

however, has not well been clarified. Here we investigate the role of detrusor myocytes

autophagy (DMA) in cyclophosphamide-induced cystitis animal model. 164 female

Sprague-Dawley rats were randomized into three experimental groups and compared to

three control groups, respectively. The expressions of microtubule-associated protein 1

light chain 3 (LC3), p-p70s6k (the phosphorylated form of ribosomal protein S6), SOD2 (su-

peroxide dismutase 2) in the bladder muscular layer were measured using western blot.

The co-location of LC3, alpha-smooth muscle actin (α-SMA), and autophagic vacuoles

were investigated with double-labeled immunofluorescence and transmission electron mi-

croscopy (TEM). The expression of lL-1β, IL-6, IL-8, malondialdehyde (MDA), and glutathi-

one (GSH) in the detrusor layer were analyzed using ELISA. The bladder inflammation and

the number of mast cells in the muscular layer were analyzed by histology. The bladder

function was evaluated using cystometry. In cyclophosphamide-induced cystitis, autop-

hagy was detected in detrusor myocytes by increased LC3, p-p70s6k expression, and

autophagosomes. However, the presence of enhanced inflammation and oxidative stress

in the cyclophosphamide-treated group suggest autophagy of detrusor myocytes may not

be sufficiently activated. Inflammation and oxidative stress were significantly decreased

and the bladder histology and micturition function were significantly improved with rapamy-

cin (RAPA, autophagy agonist) pre-treatment. In contrast, inflammation and oxidative

stress were dramatically increased and the bladder histology and function were negatively

affected with chloroquine (CQ, autophagy blocker) pre-treated. These findings preferential-

ly provide evidence of the association between DMA and cyclophosphamide-induced cys-

titis in rats. The autophagy agonist RAPA significantly decreased the inflammation and
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protected the bladder function, which might be considered as a potential treatment for

interstitial cystitis.

Introduction
Bladder pain syndrome/interstitial cystitis (BPS/IC) is a urological problem characterized by
an increase in urinary frequency, urgency, pelvic pain, and other discomforts [1]. BPS/IC is
represented by the reduce of the quality of life for 3.3–7.9 million women in the United States
[2, 3]. Though there are a number of potential pathogeneses, including infection, autoimmune
disorders, toxic substances in the urine, urothelial dysfunction, and neurogenic inflammation,
the exact pathogenic mechanisms of BPS/IC have not been well clarified [4, 5]. Immunologic
derangement and inflammation play an irreplaceable role in the pathogenesis of BPS/IC [4–6].
Recently, autophagic regulation of inflammation and immunity has been extensively studied
[7]. So far, whether autophagy of detrusor myocytes has been involved in bladder inflammato-
ry disorders remains unknown.

Macroautophagy (hereafter referred to as autophagy) plays a housekeeping role by isolating
intracellular organelles and protein aggregates, and delivering them to lysosomes for clearance
[7]. Increasing evidence suggests that autophagy meticulously orchestrates immune and in-
flammatory responses. In addition, autophagy contributes to the pathogenesis and progression
of a variety of human inflammatory diseases and autoimmune diseases, including Crohn’s dis-
ease, liver disease, acute pancreatitis, and intestinal inflammation [7–9]. During an immune re-
sponse, autophagy demonstrated a protective effect through regulation of the inflammatory
transcriptional response [7, 10], negative regulation of inflammasome activation [6, 11], elimi-
nation of damaged mitochondria, reduction of reactive oxygen species (ROS) [7, 12], regula-
tion of endoplasmic reticulum (ER) stress, and clearance of apoptotic cells [7, 9].

Autophagy can occur in smooth muscle, like blood vessels, the respiratory tract, and the cor-
pus cavernosum [13–15], suggesting an important role in tissue protection. Little is known
about the role and function of autophagy in detrusor myocytes during the pathogenesis of
BPS/IC. Cyclophosphamide (CYP), a chemotherapeutic drug, which is effective in the treat-
ment of neoplastic diseases, has been used to induce cystitis in rodents through its toxic metab-
olite, acrolein, and has been suggested to cause urinary bladder inflammation and urodynamic
changes [5]. The CYP-induced cystitis animal model has been commonly used to investigate
the effects of an inflammatory response on urinary bladder dysfunction and hyperalgesia in
BPS/IC [5, 16–18]. This study aims to investigate the existence and efficacy of autophagy in
detrusor myocytes in a cyclophosphamide-induced cystitis animal model.

Materials and Methods

Development of a cyclophosphamide-induced cystitis animal model and
experimental design
This study was approved by the Research Council and Animal Care and Use Committee of the
Third Military Medical University, China (approval no. SYXK 20070002). One hundred and
sixty-four female Sprague-Dawley rats weighing 200–230 g were used in this study. One hun-
dred and forty-four of them were randomized into three experimental groups (36 rats each): a
cyclophosphamide treated (CYP) group, a CYP+rapamycin-treated (CYP+RAPA) group, and a
cyclophosphamide+chloroquine-treated (CYP+CQ) group; and three control groups (12 rats
each): a sham CYP-treated control group, a RAPA-treated group, and a CQ-treated group, for
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western blot, immunofluorescence, electron microscopy and ELISA analysis. The remaining 20
rats were assigned randomly and equally (5 rats each) into 4 groups: a CYP group, a CYP
+RAPA group, a CYP+CQ group, and a sham CYP group for cystometry assessment.

The cystitis animal model was developed via a one-time intraperitoneal (i.p.) injection of
CYP, 150 mg/kg (Sigma, C0768) mix with 0.6 ml saline as previously described [5]. The
sham CYP group received a saline injection only (0.6 ml per rat, i.p.). In the CYP+RAPA or
CYP+CQ groups, prior to the injection of the same dosage of CYP to establish the cystitis ani-
mal model, rats were pre-treated with either i.p. injection of RAPA, 1 mg/kg (Ruibio, LR7015)
[19, 20] or CQ, 60 mg/kg (Sigma, C6628) [21, 22]mixed with 0.4 ml saline once daily for three
days, followed by continuous RAPA or CQ injection until the experimental time points. The
RAPA- and CQ-treated groups received the same dosage of RAPA or CQ treatment alone, con-
secutively for three days followed by saline injection (0.6 ml per rat, i.p.), until the experimental
time points. Animals in the CYP, CYP+RAPA, and CYP+CQ groups were euthanized with an
over-dose of pentobarbital anesthesia at 4 h, 48 h, or 72 h after CYP injection. Animals in the
sham CYP, RAPA, and CQ groups were euthanized using an over-dose of pentobarbital at the
4 h time point for comparison.

Co-location of microtubule-associated protein 1 light chain 3 (LC3)
and alpha-smooth muscle actin (α-SMA) with double-labeled
immunofluorescence
The weight of each rat in each of the six groups was recorded prior to sacrifice at each time
point. The whole urinary bladder was then procured, weighed, and divided into two parts. The
left side of the bladder wall containing the mucosa and urothelium was immediately removed
under a dissecting microscope and prepared for western blot. The right side of the bladder wall
was divided into three parts, which was used for subsequent study. The right bladder wall of
the rats (n = 7) were sectioned with a cryostat microtome (Leica CM1850, Leica Microsystems,
Wetzlar, Germany) at 6 μm per slice, and fixed with 4% paraformaldehyde at 4°C for 15 min.
The samples were incubated in 0.3% Triton X-100 in PBS for 5 minutes, followed by 1% BSA
for 2 hours at room temperature. The specimens were incubated in primary mouse polyclonal
anti-α-SMA,1:100 (Santa Cruz Biotechnology, sc-32251),and rabbit polyclonal anti-LC3, 1:300
(sigma, L-7543) antibodies at 4°C overnight followed by the application of secondary fluores-
cent Alexa-Fluor-488-conjugated goat anti-mouse IgG, 1:100, (Boster Inc, BA-1101) and
Alexa-Fluor-555-conjugated donkey anti-rabbit IgG, 1:300, (Invitrogen, A31572) antibodies at
room temperature in the dark room for 2 hours. Subsequently, after washing three times with
PBS, nuclear labeling was identified by incubating samples in 4',6-diamidino-2-phenylindole
for 5 minutes at room temperature. Lastly, the sections were coverslipped using an anti-fading
agent. Specimens were observed under a confocal microscope (LSM780NLO, Zeiss, Germany).
Ten typical cells with co-localization of LC3 and α-SMA were delineated as regions of interest
(ROIs). The LC3 fluorescent spots were numbered with Image J Software. Tissue incubated in
PBS containing 1% BSA was used as a negative control.

Autophagosome detection with transmission electron microscopy (TEM)
The right bladder wall (n = 7) of the CYP, CYP+RAPA and CYP+CQ groups, as well as the
sham CYP group, underwent 48 h treatment for autophagosome detection via TEM. As we de-
scribed previously [23], bladder tissue was harvested and fixed with 3% glutaric dialdehyde and
then with 2% perosmic acid. After ethanol gradient dehydration, the specimens were embed-
ded in Epon812 ethoxyline resin. Samples were sectioned at 50 nm per slice and stained with
uranyl acetate-lead citrate, followed by morphology assessment via TEM (Philips CM10,
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Eindhoven, Netherlands). Under 10000-fold magnification, 3–4 fields were randomly selected
from each sample for autophagosome quantification.

Quantitative analysis of LC3, the phosphorylated form of ribosomal
protein S6 (p-p70s6k) and superoxide dismutase 2 (SOD2) using
western blot
The left bladder wall (n = 7) in each group was used for western blot, as previously reported
[24]. The primary antibodies, including rabbit monoclonal anti-phospho-p70S6K, 1:500 (Cell
Signaling Technology, #9234), rabbit polyclonal anti-LC3, 1:600 (sigma, L-7543), rabbit poly-
clonal anti-SOD2, 1:1000 (Santa Cruz Biotechnology, sc-30080) and mouse polyclonal anti-
β-actin, 1:1000 (Santa Cruz Biotechnology, sc-47778) were used followed by the application of
the secondary antibodies consisting of, horseradish peroxidase-conjugated goat anti-mouse
IgG, 1:4000 (Zhongshan Inc, ZB2305) and goat anti-rabbit IgG, 1:1000 (Zhongshan Inc, ZB-
2301). The protein band images were collected and the relative optical density (R.O.D) was an-
alyzed with molecular image, ChemiDoc XRS+Image System (Bio-Rad Laboratories, Hercules,
CA, USA).

Histological evaluation
The right bladder wall of rats (n = 7) were sectioned (5μm per slice) for histological analysis.
HE and toluidine blue (Shengong Biotech, TE847) staining were applied and subsequently
evaluated by an investigator blinded to the treatment groups using a histological score and
mast cell counts. In short, histological slides were graded by a score of 0–5 as previous reported
[25]. The number of mastocytes in the muscular layer was estimated at 200x magnification in 3
random sections from each group.

Measurement of IL-1β, IL-6, IL-8, MDA, and GSH with ELISA
Following euthanasia, the mucosa and urothelium were immediately removed from 5 rats in
each group, as discussed above for ELISA. The levels of IL-1β (Westtang Inc, F15810), IL-6
(Westtang Inc, F15870), IL-8 (Westtang Inc, F15880), GSH (Westtang Inc, F15488) and MDA
(Hushang Inc, HE22220) were measured according to the manufacturer’s assay instructions,
and measured at 450 nm with an ultraviolet microplate reader (Thermo Scientific Corporation,
Massachusetts, USA).

Determining detrusor overactivity with bladder cystometry
Cystometry was performed in the CYP, CYP+RAPA, CYP+CQ, and sham CYP groups (5 rats
each) 48 hours after CYP or sham CYP injection, similar to the method described previously
[23], with urethane anesthesia, subcutaneously, 1.0 mg/kg, (sigma, U2500). A human epidural
catheter (2-F internal diameter) was inserted into the bladder to infuse saline at body tempera-
ture (37–38°C) at a rate of 8 ml/h. Intravesical pressure was recorded continuously. After
stabilization for about 30 minutes, urodynamic parameters, including basal pressure (BP),
threshold pressure (TP), maximum pressure (MP), micturition frequency (MF), the intercon-
traction interval (ICI), and bladder capacity (BC) were evaluated.

Statistical analysis
Statistical analysis for all outcomes were done using SPSS 16.0 by an investigator blinded to the
treatment groups and presented as the mean ± standard deviation. The inflammatory degree
data were evaluated using the Kruskal-Wallis test, and the other data were analyzed with one-
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way ANOVA, followed by the Bonferroni test for multiple comparisons. P<0.05 is considered
statistically significant.

Results

Change in bladder weight and the ratio of bladder weight to body weight
The bladder weight (Table 1) and ratio of bladder weight to body weight (Table 2) in the CYP,
CYP+RAPA, and CYP+CQ groups were significantly enhanced compared to the values in each
control group. Values in the CYP+CQ group at each time point were significantly increased
compared to those in the CYP group. However, with RAPA treatment, values were significantly
decreased compared to the CYP group values.

Confirmation of the differences in autophagy in detrusor myocytes with
electron microscopy, double-labeled immunofluorescence, and western
blot
Currently, using electron microscopy, immunofluorescence, and western blot with LC-3-II/
β-action can detect the change of autophagy [21, 26, 27]. In this tudy, autophagy of detrusor
myocytes was confirmed in CYP-induced cystitis with electron microscopy, double-labeled
immunofluorescence and LC3Western blot (Figs 1–3). The number of autophagosomes
(Fig 3) detected by electron microscopy in the CYP, CYP+RAPA, and CYP+CQ groups was
significantly increased compared to that in the control group. Moreover, significantly higher
numbers of autophagosomes were detected in the CYP+RAPA (P<0.05), and CYP+CQ
groups (P<0.05) compared to that in the CYP group. Similar results were acquired in LC3
analysis with double-labeled fluorescence and western blot by calibrating agianst the β-actin as
internal control (Figs 1 and 2). Moreover, in the CYP+RAPA group, in order to confirmed that
RAPA inhibited the mTOR signaling pathway. We detected the expression of p70S6K protein.
In this study, the expression of p70S6K in the CYP+RAPA group was significantly decreased

Table 1. Bladder weight (mg) of control CYP, CYP+RAPA and CYP+CQ-treated rats.

Bladder weight Control 4 h 48 h 72 h

CYP 85.56±7.91 212.33±13.95a 183. 78±17.23a 164. 78±15.58a

CYP+RAPA 86.44±7.95 161.00±13.94ab 149.11±12.036ab 135.89±11.74ab

CYP+CQ 85.00±9.31 242.44±21.51ab 206.11±16.89ab 205.67±13.97ab

Data presented as means ± SD (n = 9).
a indicates a significant difference compared to the corresponding control group value (P <0.05).
b indicates a significant difference compared to the corresponding CYP group value (P <0.05).

doi:10.1371/journal.pone.0122597.t001

Table 2. Bladder weight/ body weight (mg/g) of control CYP, CYP+RAPA- and CYP+CQ-treated rats.

Bladder weight/ body weight Control 4 h 48 h 72 h

CYP 0.41±0.04 1.03±0.05a 1.03±0.05a 0.80±0.07a

CYP+RAPA 0.40±0.04 0.79±0.07ab 0.74±0.06ab 0.67±0.08ab

CYP+CQ 0.40±0.04 1.19±0.10ab 1.07±0.10ab 1.12±0.06ab

Data presented as means ± SD (n = 9).
a indicates a significant difference compared to the corresponding control group value (P <0.05).
b indicates a significant difference compared to the corresponding CYP group value (P <0.05).

doi:10.1371/journal.pone.0122597.t002
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compared to that in the CYP and control groups. In the CYP+CQ group, the expression of
p70S6K was no significant difference comparing with that of the CYP group (Fig 1).

Evaluation of inflammatory cytokines and oxidation-related factors using
ELISA and western blot
Expression of IL-1β, IL-6, IL-8, and MDA in the bladder muscular layer was significantly in-
creased in the CYP, CYP+RAPA, and CYP+CQ groups at each time point compared to sham
CYP, RAPA, and CQ groups, respectively (Figs 4 and 5). Expression of these substances was
significantly decreased in the CYP +RAPA group and significantly increased in the CYP+CQ
group compared to the CYP group, however. The antioxidant GSH and antioxidant enzyme
SOD2 present in the muscular layer was significantly reduced in the CYP group at the 4 h
time point but showed an increasing trend at 48 h and 72 h. GSH and SOD2 levels in the
CYP +RAPA group were significantly enhanced compared to the CYP group at all time points,
and were significantly increased compared to the RAPA group at 48 h and 72 h. In addition,
compared to the CQ group, GSH levels in the CYP+CQ group was significantly decreased at all
time points. SOD2 was significantly decreased at 4 h and 72 h (Fig 5). Evaluation of both GSH
and SOD2 in CYP+CQ group indicated significant differences compared to the CYP group at
48 h and 72 h.

Histological evaluation
Compared with the control group (Figs 6A and 7A), bladder tissue form CYP-treated rats indi-
cated mssive ulcers, obvious edema and hemorrhage, and increased inflammatory cell infiltra-
tion (particularly mast cell) in the submucosal and muscular layer. This trend is more obvious
in the CYP+CQ group. However, in the CYP+RAPA group, bladder tissue indicated less
mssive ulcers, edema and hemorrhage, and inflammatory cell infiltration (particularly mast

Fig 1. Expression of LC3 and p-p70S6K in bladder muscular layer in CYP-treated rats with Western
blot. (A) Comparison of LC3 and phosphorylated (p)-p70S6K expression in the bladder muscular layer of the
rats in the CYP-treated, CYP+RAPA-treated, and CYP+CQ-treated groups. β-actin was used as an
endogenous control. (B) A statistical chart of relative optical density (R.O.D.) of LC3-II/β-actin in each group,
n = 7. (C) A statistical chart of R.O.D. of p-p70S6K/β-actin in the CYP-treated, CYP+RAPA-treated and CYP
+CQ-treated groups n = 7. Data are expressed as the mean± SD, a indicates a significant difference
compared to the control group value(P<0.05). b indicates a significant difference compared to the CYP group
value(P<0.05).

doi:10.1371/journal.pone.0122597.g001
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cell) in the submucosal and muscular layer. Additionally, the quantitative assessment of histo-
logical score and mast cell count (Figs 6B and 7B) demonstrated that the inflammatory re-
sponse was more severe in the CYP+CQ group, but more varied in the CYP+RAPA group
compared to the CYP and control groups.

Changes in urodynamic parameters
Compared to the control group (Table 3 and Fig 8), MF was significantly increased, while ICI
and BC were decreased in the CYP group at 48 h. However, the bladder function damage trend
was more serious in CYP+CQ group at 48 h. In contrast, CYP+RAPA treatment significantly
decreased MF but increased ICI and BC compared to the CYP group. No statistical significance
was found in these parameters compared to the control group, however, indicating recovered
micturition function.

Discussion
Currently, using electron microscopy, immunofluorescence, and western blot with LC3 as a
well-known maker of autophagy [26–28], researchers have detected and measured autophagy
activity in the vascular system, respiratory system, and the corpus cavernosum, suggesting its

Fig 2. Immunofluorescence co-location of LC3 and α-SMA in bladder muscular layer in CYP-treated rat. (A)Immunofluorescence highlights LC3 (red),
α-SMCA (green) and nuclei (blue) in the bladder of rats. (B) Statistical charts show the mean of the numbers of LC3 spots in ten detrusor cells, from rats
(n = 7). Data are expressed as the mean ± SD. Scale bars indicate 10 μm in each figure. a indicates a significant difference compared to the control group
value(P<0.05). b indicates a significant difference compared to the CYP group value(P<0.05).

doi:10.1371/journal.pone.0122597.g002
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important role in tissue protection [13–15]. In this study, we firstly detected autophagy in
detrusor myocytes in rats using electron microscopy, western blot, and double-labeled immu-
nofluorescence. While the autophagy of detrusor myocytes in rats maintain at a low level, it
could maintain cellular homeostasis in clearing the aging, misfolded and damaged proteins.

Fig 3. Confirmation of the autophagy in CYP-treated rat detrusor myocytes with electronmicroscopy. (A) Representative high magnification electron
micrographs showing autophagic vacuoles in detrusor myocytes of rat (upper panels: arrows demonstrate vesicles; scale bars, 1 μm) and cytoplasmic goods
in autophagic vacuoles (lower panels; scale bars, 500nm), respectively. (B) A statistical chart of the number of autophagic vacuoles in control rats, CYP-
treated 48h rats, CYP+RAPA-treated 48h rats, and CYP+CQ-treated 48h rats, n = 7. Data are expressed as the mean ± SD, a indicates a significant
difference compared to the control group value(P<0.05). b indicates a significant difference compared to the CYP group value(P<0.05).

doi:10.1371/journal.pone.0122597.g003

Fig 4. Evaluation of IL-1β, IL-6 and IL-8 changes in the bladder muscular layer in CYP-treated rats using ELISA kits. (A) IL-1β expression, (B) IL-6
expression and (C) IL-8 expression, n = 5. Data are expressed as the mean ± SD, a indicates a significant difference from normal at each time point
(P<0.05). b indicates a significant difference compared to the CYP group value (P<0.05).

doi:10.1371/journal.pone.0122597.g004
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Autophagy is believed to play an important role in cytoprotection and in controlling the in-
flammatory response by clearing damaged organelles and misfolded proteins [7]. Detrusor
myocytes autophagy in bladder cystitis is not well clarified. To further illustrate the importance
of detrusor myocytes autophagy as well as its role in inflammation, samples from CYP-induced
cystitis animal models were used. In this study, cystitis was successfully induced by CYP ad-
ministration in the three experimental groups, as evidenced by inflammatory changes such as
ulcers, edema, hemorrhage, and inflammatory cell infiltration in the bladder [16, 17, 25].
Moreover, we observed numerous mast cell infiltration in the bladder muscle layer in CYP-
treated rats. Traditionally, detrusor myocytes are considered as a passive character in inflam-
matory diseases, such as BPS/IC. But, numerous clinical bladder biopsy specimens from BPS/
IC patients and animal models of bladder inflammation (including CYP-treated cystitis) con-
tain inflammatory changes (especially mast cell infiltration) in the bladder muscular layer itself
[16, 18, 29]. Generally, mast cells are rarely present in bladder muscle tissue and do not circu-
late in their mature form. Instead, local tissue microenvironmental factors activate mast cell
proliferation [30]. In fact, when treated with IL-1β or TNF-α, bladder detrusor myocytes can
release inflammatory factors, including IL-6, IL-8, MCP-1, and RANTES, which could promote
mast cell recruitment, proliferation and maturation [30–32]. Consequently, the detrusor myo-
cytes could cause mast cell migration and activation in the bladder muscle layer. Currently, in-
creasing evidence suggests that smooth muscle cells in the airway, uterus, and blood vessels
participate in the inflammatory response [31–33]. Theoretically, when faced with local micro-
environment changes, detrusor myocytes might play important roles in the immune response.

Fig 5. Evaluation of MDA, GSH and SOD2 changes in the bladder muscular layer in CYP-treated rats
using ELISA andWestern blot. (A) MDA expression. n = 5. (B) GSH expression. n = 5. (C) Representative
western blot analysis of bladder muscular layer SOD2 expression in CYP-treated, CYP+RAPA-treated, and
CYP+CQ-treated rats. β-actin is used as an endogenous control. (D) A statistical chart of relative optical
density (R.O.D.) of SOD2/β-actin in each group, n = 7. Data are expressed as the mean ± SD, a indicates a
significant difference (P<0.05) from normal at each time point. b indicates a significant difference (P<0.05)
from the CYP group values at each time point.

doi:10.1371/journal.pone.0122597.g005
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In this study, we found detrusor myocytes participate in cyclophosphamide-induced cystitis
immune and inflammatory responses by autophagy.

In the CYP-induce cystitis animal model, we found that autophagic activity was reduced,
but the presence of inflammatory factors (lL-1β, IL-6, IL-8) and oxidative stress markers MDA
reached peak levels and nonenzymic antioxidant GSH and antioxidant enzymes SOD2 was re-
duced at 4 h after CYP injection. However, the enhancement of the autophagic activity at 48 h
and 72 h significantly decreased the inflammatory cytokines (lL-1β, IL-6, IL-8) and oxidative
stress markers MDA reduced and nonenzymic antioxidant GSH and antioxidant enzymes
SOD2 was enhanced. When faced with oxidative stress and inflammation, autophagy can acti-
vate which provide to diversify functionally to confront oxidative stress and inflammation [7].
These data seems to indicate that oxidative stress may appear early than autophagy and insuffi-
cient activation of detrusor myocyte autophagy resulted to the inflammation and oxidative
stress in bladder muscular wall, and the strengthened detrusor myocyte autophagy lead to the

Fig 6. Pathology and inflammation scores in CYP-treated rats using histological evaluation. (A)
Representative bladder showing pathologic changes in rat specimens. Staining with hematoxylin and eosin;
arrows demonstrate inflammatory cells, (scale bars, 50μm). Inset images showmucosal change. (B) The
statistical chart demonstrates the inflammation grading in control, CYP, CYP+RAPA and CYP+CQ treatment,
n = 7. Data are expressed as the mean ± SD, a indicates a significant difference (P ˂0.01) from the control
value at each time point. b indicates a significant difference (P<0.01) from the CYP group value at each
time point.

doi:10.1371/journal.pone.0122597.g006
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Fig 7. Number of mast cells in CYP-treated rats using histological evaluation. (A) Representative
photomicrograph images of the number of mast cells in the muscular layer in rat samples. Staining with
toluidine blue (arrows) demonstrate mast cells (scale bars, 50 μm). Inset images show high magnification
mast cells (scale bars, 10 μm). (B) A statistical chart reveals the number of mast cells in muscular layer in rats
(n = 7). Data are expressed as the mean ± SD; a indicates a significant difference (P<0.01) from the control
group value at each time point. bindicates a significant difference (P<0.05) from the CYP group value at each
time point.

doi:10.1371/journal.pone.0122597.g007

Table 3. Cystometric parameters of Control, CYP, CYP+ RAPA and CYP+CQ treated rats.

Urodynamic Parameters Control CYP CYP+RAPA CYP+CQ

Basal pressure (cm H2O) 10.00±1.37 13.60±2.75 11.30±2.44 14.50±1.97a

Threshold pressure (cm H2O) 42.10±3.36 36.70±2.33 37.50±2.50 38.80±3.40

Maximum pressure (cm H2O) 52.90±3.29 51.10±5.57 50.90±5.27 50.90±3.86

Micturition frequency (No/h) 7.60±1.14 19.20±2.59a 9.60±1.14b 28.60±2.61ab

Intercontraction interval (mins) 7.95±1.35 3.17±0.42a 6.43±0.66b 2.11±0.20ab

Bladder capacity 1.07±0.17 0.42±0.06a 0.89±0.07b 0.28±0.036ab

Data presented as means ± SD (n = 5).
a indicates a significant difference compared to the corresponding control group value (P <0.05).
b indicates a significant difference compared to the corresponding CYP group value (P <0.05).

doi:10.1371/journal.pone.0122597.t003
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reduction of inflammation and oxidative stress in bladder muscular wall. In order to under-
stand the protective effect of detrusor myocyte autophagy in CYP-induced cystitis, we studied
the effects of RAPA and CQ treatment. RAPA is a widely used autophagy agonist that inhibits
the mammalian target of rapamycin (mTOR), further preventing phosphorylation of P70S6K
and other proteins [19, 20]. Autophagy is a cell-dependent lysosomal degradation biological
process. In autophagy, double-membrane autophagosomes envelope and sequester intracellu-
lar components and then fuse with lysosomes to form autolysosomes, which degrade their con-
tents to regenerate nutrients [7]. Chloroquine is a pharmacological inhibitor of autophagy by
acting as a lysosomotropic agent that raises lysosomal pH to suppress the activity of lysosomal
acid hydrolases and hence prevent the maturation and lysosomal degradation of autophago-
somes. As previously reported, When chloroquine is used, the autophagosome number and its
marker LC3 will increase, but the degradation functional of autophagy will be blocked [21, 22].
In this study, we demonstrated that autophagy in the bladder muscular layer was significantly
increased at each time point in the CYP+RAPA and CYP+CQ groups compared to that in the
control and CYP-treated groups, as evidenced by LC3-II protein expression, LC3 immunofluo-
rescence, and the presence of autophagosomes. These results suggested that RAPA and CQ
play the role of activation and blocking autophagy effect, respectively. Moreover, as previously
reported, in order to further assess whether RAPA indeed inhibited mTOR signaling pathway,
we examined its effect on p70S6K phosphorylation [34, 35]. In this study, the expression of
p70S6K in the CYP+RAPA group was significantly decreased compared to that in the CYP and
control groups. These results further demonstrated that RAPA inhibited the mTOR signaling
pathway and mTOR signaling pathway could involved in cyclophosphamide-induced cystitis.

We also evaluated inflammatory and oxidative stress levels via protein expression and his-
tology. Interestingly, in the CYP and CYP+RAPA groups, the changes in inflammatory factors
and oxidative stress in the bladder muscular layer were inversely proportional to the changes in
autophagy. In the CYP and CYP+RAPA groups, enhanced autophagy lead to tissue inflamma-
tion score, inflammatory factors (lL-1β, IL-6, IL-8) and oxidative stress markers MDA reduced
and nonenzymic antioxidant GSH and antioxidant enzymes SOD2 was increased. In addition,
interestingly, the bladder muscle layer of mast cell infiltration were also inversely proportional
to the changes in autophagy in the CYP and CYP+RAPA groups. These results is mainly due
to mast cell chemoattractant (lL-1β, IL-6, IL-8) which mostly come from the reduced detrusor
cells. Oppositely, autophagy in the CYP+CQ group increased dramatically and tissue inflam-
mation score, the bladder muscle layer of mast cell infiltration, inflammatory factors and oxi-
dative stress were consistently increased compared to the CYP and control group due to CQ

Fig 8. Representative cystometric traces of bladder pressure in sham control, CYP, CYP+RAPA, and CYP+CQ groups.

doi:10.1371/journal.pone.0122597.g008
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inhibition of autophagic function. These results further demonstrated that blocking the physio-
logical function of autophagy will cause tissue injury, inflammation, oxidative stress increased.
Therefore, RAPA would be potentially useful in enhancing autophagic activity and inhibiting
inflammation and oxidative stress in cystitis. In urodynamic studies, bladder contraction fre-
quency increased in the CYP and CYP+CQ groups, while voiding intervals shortened and blad-
der volume decreased. But,This bladder function damage trend is more serious in CYP+CQ
group. Recovered bladder function was seen in the CYP+RAPA group, suggesting a better re-
covery of micturition function due to the enhancement of autophagy. In summary, These re-
sults indicates that up-regulation of autophagy will play a protective role in CYP-treated
cystitis by reducing inflammation and oxidative stress and thus protecting and improving
bladder function.

Although CYP-induced cystitis in rats cannot fully replicate the pathophysiological changes
in humans, the CYP-induced cystitis animal model has been commonly used to investigate the
pathophysiology of BPS/IC [5, 16–18]. Therefore, our study provides a new perspective and
views that detrusor myocyte autophagy could be involved in the pathogenesis of BPS/IC, but
withoutspecific regulatory mechanisms of detrusor myocyte autophagy in the pathogeneses of
BPS/IC. Further study on the specific molecular mechanisms and human sample is required.

In summary, this study revealed the hidden link between detrusor myocyte autophagy and
BPS/IC in rats. The autophagy agonist RAPA significantly decreased inflammation and im-
proved bladder function, and thus could be used as a potential treatment for IC. Further studies
are needed to elucidate the regulatory mechanisms of detrusor myocyte autophagy and the ef-
fectiveness of RAPA on IC patients.

Supporting Information
S1 Dataset. The original data of the expression of LC3 and p-p70S6K in bladder muscular
layer in CYP-treated rats.
(XLS)

S2 Dataset. The original data of the number of LC3 puncta to 10 detrusor myocytes in
CYP-treated rat.
(XLS)

S3 Dataset. The original data of the number of autophagic vacuoles in CYP-treated rat
detrusor myocytes.
(XLS)

S4 Dataset. The original data of IL-1β, IL-6 and IL-8 changes in the bladder muscular layer
in CYP-treated rats.
(XLS)

S5 Dataset. The original data of MDA, GSH and SOD2 changes in the bladder muscular
layer in CYP-treated rats.
(XLS)

S6 Dataset. The original data of the inflammation grading in CYP-treated rats.
(XLS)

S7 Dataset. The original data of the number of mast cells in muscular layer in CYP-treated
rats.
(XLS)
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