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Abstract

Aims

To investigate the effect of a free radical scavenger (tempol) after relief of partial bladder

outlet obstruction (pBOO) on bladder function in a rat model.

Methods

pBOO was induced in 50 eight-week-old female Sprague-Dawley rats and relieved 3 weeks

later. The rats were divided randomly into 5 groups: sham-operated, tempol-treated for 1

week (Treat-1w) or 3 weeks (Treat-3w), and no treatment for 1 week (nonTreat-1w) or 3

weeks (nonTreat-3w). Awaken cystometrograms were obtained 1 or 3 weeks after relief

according to the grouping. The bladders were isolated and weighed. H&E, Masson’s tri-

chrome and TUNEL staining were used to analyze histological changes. The oxidative

stress assessed using malondialdehyde. The expression of beta-3 adrenoreceptor was

examined by Western blotting.

Results

The tempol-treated groups exhibited a significant decrease in the number of non-voiding

contractions per voiding cycle (nonTreat-1w vs. Treat-1w, 1.18±0.82 vs. 0.36±0.40, P =

0.010; nonTreat-3w vs. Treat-3w, 1.51±0.69 vs. 0.23±0.25, P = 0.002). The thickness and

collagen fiber deposition of the detrusor muscle layer was significantly decreased in the

treated groups. Apoptosis detected was mainly observed in the urothelial cell layer, although

the rate of apoptosis was significantly decreased in the treated groups (48.9±3.36% vs. 32.7

±11.10%, P = 0.024; 25.8±4.67% vs. 15.7±9.83%, P = 0.314). The tempol-treated groups

showed significant decreases in the MDA concentrations at both 1 and 3 weeks after relief.

The expression of the beta-3 adrenoreceptor was increased in the tempol-treated rats.
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Conclusions

Ischemic reperfusion injury after relief of pBOO caused histological and functional changes

in the bladder. Free radical scavenger treatment prevented this oxidative stress.

Introduction

Bladder outlet obstruction (BOO) occurs due to a variety of causes, including the posterior

urothelial valve in children, urethral stricture in adults, and benign prostatic hyperplasia

(BPH) in the elderly [1]. Although the most common cause in the clinic is BPH in older men,

BOO may also occur in women with several anatomical and/or functional etiologies, including

pelvic organ prolapse, Skene’s gland cyst, primary bladder neck obstruction, and detrusor

external sphincter dyssynergia [2]. BOO is one of the most important clinical problems and

can cause overactive bladder, urinary incontinence, urinary tract infection, vesicoureteral

reflux, hydronephrosis, and renal insufficiency through chronic urinary retention [3].

In patients with severe degenerative bladder due to BOO, surgical treatment may temporar-

ily exacerbate storage bladder dysfunction related to detrusor overactivity (DO) and even

cause transient urgency and urgency urinary incontinence [4]. Newly developed urgency uri-

nary incontinence after a HoLEP procedure has been reported in 7.1–44.0% of patients [5].

This de novo urgency urinary incontinence causes significant stress and anxiety not only for

the patients but also for the surgeons, because it differs from post-operative complicated stress

urinary incontinence. In a recent prospective study of persistent storage symptoms after suc-

cessful relief of BOO, urodynamic DO was persistent in approximately 40% of the patients [6].

Ischemia reperfusion injury (I/R injury) has been suggested to be a cause of post-operative

bladder dysfunction in BPH patients [7]. In patients with chronic BOO due to BPH, a chronic

ischemic status is induced in the inner bladder wall due to persistent high intravesical pressure

[8]. In this condition, relief of chronic obstruction causes reperfusion and reoxygenation,

resulting in the generation of reactive oxygen species (ROS), which cause more severe oxida-

tive damage and cell apoptosis in the bladder wall [9].

Efforts to prevent I/R injuries have been made in various medical fields. Several antioxi-

dants have been used to reduce I/R injury in patients with ischemic diseases, such as coronary

artery disease or stroke, and in the transplantation field. For instance, L-alanyl-glutamine

attenuates I/R injury in liver transplantation patients [10]. Some antioxidants, such as CoQ10,

beta carotene, lycopene, quercetin, resveratrol, vitamin C and vitamin E, have shown preven-

tive and therapeutic benefits for different forms of CVD [11]. However, no studies have inves-

tigated methods to prevent I/R injury after BPH surgery. The effects of I/R injury after BPH

surgery have only recently drawn researchers’ attention.

In this study, we investigated the effects of oxidative stress caused by I/R injury after relief

of partial BOO (pBOO) on bladder functions using a rat model and evaluated the preventive

effect of free radical scavenger, tempol, on bladder functions after relief of pBOO.

Materials and methods

Animals and study design

Seven-week-old female Sprague-Dawley rats weighing between 220 and 250 g were used in

this study. The rats were housed in a vivarium with free access to food and water in a light-con-

trolled room with a diurnal cycle for 1 week prior to surgery. After surgery, the animals were
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caged individually and maintained under the same conditions. All animal handling and treat-

ment procedures carried out in strict accordance with the Guide for the Care and Use of Labo-

ratory Animals of the National Institutes of Health and were approved by the Seoul National

University Hospital Institutional Animal Care and Use Committee (Protocol Number: 13-

0300-C1A1), which is an AAALAC-accredited facility.

Fifty rats were randomly divided into five groups (n = 10 rats per group). The first group

consisted of control sham-operated rats (control group). The other four groups underwent

urethral constriction to procedurally induce pBOO, followed by a reversal operation after 3

weeks. The second group underwent a cystometrogram (CMG) without treatment for one

week after the reversal operation (unTreat-1w group). The third group underwent a CMG

without treatment for 3 weeks after the reversal (unTreat-3w group). The fourth group under-

went a CMG with antioxidant treatment for 1 week after the reversal (Treat-1w group). The

fifth group underwent a CMG with antioxidant treatment for 3 weeks after the reversal (Treat-

3w group). We used tempol as an antioxidant, that has the advantage of being soluble in water

and is widely used in rat experiments. The rats in the treated group received tempol (Sigma-

Aldrich, St. Louis, MO, USA) by gavage at a dose of 1.5 mmol/kg/day dissolved in water three

times per day [12].

Induction of pBOO

Anesthesia was induced by ketamine/xylazine (15 mg/kg and 5 mg/kg; intramuscular injec-

tion) and maintained with isoflurane (1–3%). After shaving the skin, asepsis was attained with

a 10% povidone-iodine solution while the rat was in a dorsal recumbent position. The bladder

was approached through a lower midline abdominal incision. After exposing the proximal ure-

thra, a steel rod 0.9-mm in diameter was placed around the urethra. The bladder neck was

ligated using a 3–0 silk, and the steel rod was removed. The bladder was repositioned, and the

abdominal wall was closed. In the sham operation group, the bladder neck was very loosely

ligated to avoid inducing any obstruction. Three weeks after inducing pBOO, each rat under-

went a reversal operation that removed the ligation in the same manner. We measured the

body weight of each rat before each procedure.

Procedures for intravesical and intra-abdominal catheter implantation

The catheter implantation procedures were performed 2 days before the functional evaluation.

Polyethylene catheters (PE-50; Clay-Adams, Parsippany, NJ, USA) with a cuff were inserted

into the dome of the bladder through a lower abdominal incision with a purse-string suture

and simultaneously placed on the posterior side of the bladder. The balloon and catheter were

filled with distilled water, and the distal end of the catheter was sealed. Both catheters were tun-

neled subcutaneously to the skin of the back and anchored with a silk ligature. The free end of

the catheter was sealed. Each rat was housed individually after the procedures and maintained

in the manner described above.

Functional evaluation

CMGs were performed on awakened, unanesthetized, and unrestrained rats in metabolic

cages after a minimum of 2 days of recovery from catheterization. The bladder catheter was

connected via a 3-way stopcock to a pressure transducer (Research Grade Blood Pressure

Transducer; Harvard Apparatus, Holliston, MA, USA) and a microinjection pump (PHD22/

2000 pump; Harvard Apparatus). Another pressure transducer was connected to an intra-

abdominal balloon catheter to independently record the intra-abdominal pressure (IAP). The

micturition volumes were recorded with a fluid collector connected to a force displacement
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transducer (Research Grade Isometric Transducer; Harvard Apparatus). Room-temperature

saline was infused into the bladders at a rate of 0.4 mL/min. Pressures and micturition volumes

were recorded continuously with a computerized system (PowerLab, ADInstruments, Colo-

rado Springs, CO, USA) at a sampling rate of 50 Hz. Non-voiding contractions (NVCs) during

the filling phase were defined as an increment of intravesical pressure that exceeded 2 cmH2O

from the baseline without simultaneous changes in IAP and without fluid expulsion from the

bladder [13].

When the bladder contractions became stable, at least five micturition cycles were recorded

for each rat. The following CMG parameters were measured, and the mean value of each vari-

able was calculated for the analysis: basal pressure (the lowest pressure during filling), thresh-

old pressure (the pressure immediately before the initiation of micturition), peak micturition

pressure (the maximum pressure during micturition), micturition interval (the interval

between micturition contractions), micturition volume, micturition duration (the time from

initiation to finish of one micturition cycle), post-voided residual volume (the remaining urine

after voiding), bladder capacity (the infused volume immediately before the initiation of mic-

turition), bladder compliance (calculated by dividing the micturition volume by the difference

between resting and threshold pressures), and the frequency of NVCs (per micturition cycle).

Histology and immunohistochemistry (IHC)

The rats were euthanized after completion of the functional study. The whole bladder was

extirpated and weighed. A portion of the bladder divided sagittally was fixed in a 4% formalde-

hyde solution for the histological evaluation, and the other half was snap frozen immediately

in liquid nitrogen and was stored at -80˚C for the measurement of malondialdehyde (MDA)

and the IHC evaluation.

After obtaining 4-μm serial sections of the paraffin-embedded material, the bladder tissue

sections were stained with hematoxylin and eosin or Masson’s trichrome stain. The thickness

of the detrusor muscle layer was evaluated in 10 randomly selected hematoxylin and eosin-

stained sections. Collagen deposition was measured in 10 high-power (×400) fields from ran-

domly selected Masson’s trichrome-stained sections. Photomicrographs were obtained using a

digitalized miscroscopic image system (Nikon Eclipse 80i microscope and Nikon Digital Slight

DS-U3; Nikon, Tokyo, Japan). The images were analyzed using the Adobe and ImageJ soft-

ware (http://rsb.info.nih.gov/ij/).

To detect apoptosis, the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick

end labeling (TUNEL) method was used. In each slide, 10 high-power (×400) fields were ran-

domly selected, and the apoptotic index was expressed as the percentage of apoptotic cells rela-

tive to the number of total cells in a given area (nonapoptotic nuclei plus apoptotic cells).

Measurement of malondialdehyde in the bladder

The MDA level in the bladder tissue, which is an index of oxidative stress, was determined

using a commercially available kit according to the manufacturer’s instructions. The MDA

concentrations were normalized using the protein content (NWLSSTM Malondialdehyde

Assay, Northwest Life Science Specialties, LLC, Vancouver, WA, USA).

Western blotting analysis of beta-receptor expression

The membranes were blocked with 5% skim milk for 1 hr at room temperature and incubated

overnight at 4˚C with primary antibodies against the β3 adrenergic receptors (1:1000,

ab59685, Abcam), followed by incubation with appropriate horseradish peroxidase-linked sec-

ondary antibodies (1:4000) for 2 hr at room temperature. The bands on the blots were
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visualized using an enhanced chemiluminescence system (Amersham Bioscience, Buchin-

ghamshire, UK), and densitometric analysis of the Western blots was conducted using Vision-

Works LS, version 6.7.1.

Statistical analysis

All data are expressed as the mean and standard error of the mean (SEM). The collected data

were analyzed using Student’s t-test or the Mann-Whitney U test depending on whether the

data followed a Gaussian distribution. A two-tailed P<0.05 was considered significant. The

statistical analyses were performed using IBM SPSS for Windows, Version 24.0 (IBM Inc.,

Armonk, NY, USA).

Results

Body and bladder weights

No significant differences in body weight were found between the sham-operated and the

pBOO-induced groups 1 week after relief of pBOO. However, the urinary bladder weight was

significantly increased in the pBOO-induced groups compared with the weights in the sham

group 1 week after the reversal operation (28.2±8.3 g vs 12.5±0.7 g, P<0.001). The ratio of

bladder weight to total body weight was significantly higher in the pBOO-induced groups than

in the sham group. No differences were found in body weight, bladder weight, and the ratio of

bladder weight to body weight between the treated and untreated groups.

Comparison of cystometric parameters

Significant differences were found in almost all cystometric parameters, including the thresh-

old pressure, micturition interval, voided volume, NVC, and bladder capacity, between the

sham and the pBOO-induced groups. A significant difference was found in the NVC incidence

between the tempol-treated and the untreated groups. The number of NVCs per voiding cycle

was significantly decreased in the tempol-treated groups compared to the numbers in both the

1- and 3-week untreated groups (unTreat-1w vs. Treat-1w, 1.18±0.82 vs. 0.36±0.40, P = 0.010;

unTreat-3w vs. Treat-3w, 1.51±0.69 vs. 0.23±0.25, P = 0.002). However, no other differences in

the cystometric parameters were associated with tempol treatment (Table 1).

Histological findings

Histologically, a thickened bladder wall was observed in the pBOO-induced bladder speci-

mens. This finding was mainly due to hypertrophy of the detrusor muscle layer. In the

untreated group, the thickness of the detrusor muscle layer decreased significantly after 3

weeks compared to 1 week of relief. However, in the tempol-treated group, no significant dif-

ference in the thickness of the detrusor muscle layer was observed between 1 and 3 weeks after

relief.

In the comparison with the untreated group, a significant decrease was observed in the

detrusor muscle thickness in the treated group after both 1 and 3 weeks of treatment (unTreat-

1w vs. Treat-1w, 1164.17±190.58 vs. 776.45±140.78, P<0.001; unTreat-3w vs. Treat-3w, 905.82

±161.16 vs. 726.26±162.76, P = 0.043) (Fig 1).

In the Masson’s trichrome-stained sections, tempol treatment reduced the deposition of

collagen fibers in the lamina propria and detrusor muscle layer compared with the analysis in

the untreated rats. The ratio of collagen to smooth muscle was significantly decreased in the

treated rats at 1 week after relief, but not statistically at 3 weeks (Fig 2).
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TUNEL findings

TUNEL-positive cells were observed mainly in the urothelium. The numbers of TUNEL-posi-

tive cells were significantly decreased in the tempol-treated groups. This inhibitory effect was

observed at both 1 and 3 weeks after relief (unTreat-1w vs. Treat-1w, 48.9±3.36% vs. 32.7

±11.10%, P = 0.024; unTreat-3w vs. Treat-3w, 25.8±4.67% vs. 15.7±9.83%, P = 0.314) (Fig 3).

MDA

The tempol-treated groups showed significant decreases in the MDA concentrations at both 1

and 3 weeks after relief compared to the concentrations in the untreated groups (unTreat-1w

vs. Treat-1w, 0.76±0.08 vs. 0.66±0.07, P = 0.021; unTreat-3w vs. Treat-3w, 0.58±0.10 vs. 0.48

±0.06, P = 0.030).

Table 1. Comparison of urodynamic parameters between conscious sham-operated and obstructed rats.

sham 1wk 3wks

untreated treated untreated treated

Basal Pressure (mmH2O) 18.6±3.4 20.0±10.9 20.9±8.6 20.2±10.2 19.8±7.7

Threshold Pressure (mmH2O) 24.8±2.4 39.3±13.3� 37.8±10.3� 34.1±20.9 25.7±12.6

Peak micturition Pressure (mmH2O) 58.8±15.5 52.9±18.9 58.2±18.4 56.0±36.6 48.3±15.9

Micturition interval (sec) 378.0±115.5 210.2±118.3� 205.6±56.1� 279.6±59.4 238.3±72.8�

Micturition duration (sec) 14.0±3.5 15.6±3.9 19.1±7.8 20.0±15.1 19.7±11.2

Voided volume (mL) 2.14±0.54 1.31±0.79� 1.30±0.32� 1.81±0.35 1.52±0.46�

Non-voiding contraction 0 1.18±0.82� 0.36±0.40�† 1.51±0.69� 0.23±0.25†

Bladder capacity (mL) 1.05±0.32 1.40±0.79 1.37±0.37 1.86±0.39� 1.59±0.49�

Residual volume (mL) 0.15±0.21 0.09±0.11 0.07±0.09 0.05±0.06 0.07±0.07

�P<0.05 versus sham group
†P<0.05 versus untreated group in the same period (Mann-Whitney U test).

https://doi.org/10.1371/journal.pone.0199800.t001

Fig 1. Changes in the detrusor muscle thickness after pBOO and its relief for 1 wk and 3 wks based on tempol

treatment. Representative microscophs of a thin section of the bladder wall (magnification 100×). Bar graphs show the

quantitative image analysis. Results are expressed as mean ± standard error of the mean. (A) untreated for 1 week; (B)

tempol-treated for 1 week; (C) untreated for 3 weeks; (D) tempol-treated for 3 weeks; (E) sham; �P<0.05 versus sham;
†P<0.05 versus untreated group in the same period (Mann-Whitney U test).

https://doi.org/10.1371/journal.pone.0199800.g001
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Western blotting

The abundance of the beta-3 adrenoreceptor was increased in the tempol-treated rats 3 week

after relief compared to the expression levels in the untreated rats. However, no significant dif-

ference in the abundance of the beta-3 adrenoceptor was observed 1 weeks after relief between

the treated and untreated rats (Fig 4).

Fig 2. Masson’s trichrome staining. Representative microscophs show collagen with blue staining and the muscle

with purple staining (magnification 20×). Bar graphs show the quantitative image analysis. Results are expressed as

mean ± standard error of the mean. (A) untreated for 1 week; (B) tempol-treated for 1 week; (C) untreated for 3 weeks;

(D) tempol-treated for 3 wks; (E) sham; �P<0.05 versus sham; †P<0.05 versus untreated group in the same period

(Mann-Whitney U test).

https://doi.org/10.1371/journal.pone.0199800.g002

Fig 3. Detection of apoptosis. Representative microscophs show TUNEL-positive cells as black-brown cells mainly

localized in the bladder urothelium (magnification 400×). Bar graphs show the quantitative image analysis. The

apoptotic index represents the percentage of apoptotic cells within the total number of cells in a given area. Results are

expressed as mean ± standard error of the mean. (A) untreated for 1 week; (B) tempol-treated for 1 week; (C)

untreated for 3 weeks; (D) tempol-treated for 3 weeks; (E) sham; �P<0.05 versus sham; †P<0.05 versus untreated

group in the same period (Mann-Whitney U test).

https://doi.org/10.1371/journal.pone.0199800.g003
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Discussion

In this study, we demonstrated in an animal model that antioxidant agent, such as tempol, pre-

vented bladder I/R injury after relief of pBOO. The preventive effects demonstrated at 1 and 3

weeks. The preventive effect of antioxidants on I/R injury was shown to reduce apoptosis

mainly in the mucosal layer and to restore muscle hypertrophy more rapidly in the smooth

muscle layer. This effect resulted in a decrease in NVCs in cystometry that was presumably

related to beta-3 adrenoreceptor expression.

pBOO causes a chronic ischemic status in the bladder. High pressure due to sustained over-

distention can induce a reduction of blood flow to the bladder wall [14]. Additionally, pBOO

increases the thickness of the bladder wall through hypertrophy of the detrusor smooth muscle

and deposition of collagen tissues, resulting in a reduction of microvascular blood perfusion

[15]. In addition, rapid reperfusion due to relief of pBOO in chronically ischemic bladders

leads to the generation of free radicals and rapid oxidative stress. Relief of pBOO resolves the

intravesical high pressure, although resolving the bladder wall thickness takes at least 3 weeks,

and the ongoing reduction of microvascular blood perfusion lasts for a considerable period.

The increased metabolic demand on the hypertrophied detrusor can produce more severe

damage in the bladder when combined with a reduction in microvascular blood perfusion

[16]. The decompensated bladder also causes substantial residual urine, and overdistension of

the bladder persists for a considerable period of time, resulting in sustained I/R injury after

relief. In our study, this I/R injury persisted for up to 3 weeks after relief.

Chronic I/R injury induced NVCs in the cystometrogram in our study. Oxidative stress

results in the generation of free radicals and oxidative damage [17]. Chronic oxidative stress

may damage intrinsic nerves, resulting in partial denervation of smooth muscle. Denervation

Fig 4. Western blot analysis. Representative Western blot shows expression of beta-3 receptor protein in the bladder,

respectively. Bar graphs show the quantitative analysis for beta-3 receptor protein expression. Data are expressed as

folds of corresponding expression in sham-operated rats. Results are expressed as mean ± standard error of the mean.
�P<0.05 versus sham; †P<0.05 versus untreated group in the same period (Mann-Whitney U test).

https://doi.org/10.1371/journal.pone.0199800.g004
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of the detrusor muscle leads to sensitization of the afferent pathway through postjunctional

supersensitivity with increased neurotransmitters and upregulation of neurokinin receptors

[18]. Denervation and nerve degeneration in sensory pathways during chronic I/R injury also

cause an increase in the nerve growth factor level that may induce bladder hypersensitivity

[19]. Additionally, chronic oxidative stress leads to the accumulation of calcium in the intracel-

lular medium and the formation of metabolic end products that damage the detrusor muscula-

ture [17]. The resulting neurogenic and myogenic damage may cause detrusor overactivity but

impaired contractility, resulting in NVCs in the cystometrogram.

Oral administration of antioxidants reduced I/R injury of the bladder after relief. Several

studies have proven that antioxidants reduce oxidative stress. Antioxidants have shown pre-

ventive and therapeutic benefits in several cardiovascular diseases [11]. Free radical scavengers

decrease blood pressure and improve vascular function via biochemical mechanisms, such as

normalizing the increased renal sympathetic nerve activity, plasma norepinephrine levels, and

angiotensin type I receptor expression and enhancing carotid body chemoreceptor sensitivity

to hypoxia [20]. The use of antioxidants after liver transplantation attenuates the effects of I/R-

related oxidative stress and reduces lipid peroxidation [10]. However, few reports have shown

that antioxidants can reduce oxidative stress in the bladder. I/R injury after BPH surgery has

drawn increasing attention with the popularity of the HoLEP procedure, which can completely

resect the adenoma. Determining whether the delivery of stable antioxidants to the target

organ is possible is important at the time of systemic administration of antioxidants. We con-

firmed that delivery of effective antioxidant to the bladder was possible in our study. However,

studies on bladder-specific delivery may be necessary in the near future.

Apoptosis due to I/R injury was mainly observed in the mucosal layer rather than in the

muscle layer. Sensory neurons in the lamina propria, which are susceptible to I/R injury, may

be irreversibly damaged by I/R injury [21]. Degeneration of sensory neurons in the mucosal

layer may contribute to detrusor instability. In our study, more NVCs occurred in the

untreated rats, which were not given antioxidants and sustained more I/R injuries. This find-

ing could be inferred from the influence of apoptosis in the mucosal layer. This finding of our

study suggested that the pathophysiology of an overactive bladder may be due to the neuro-

plasticity of peripheral sensory neurons rather than the myogenic hypothesis.

A difference in beta-3 adrenoceptor expression was observed depending on the degree of I/

R injury. In our study, the administration of antioxidants for 3 week prevented the reduction

of beta-3 adrenoceptor protein expression compared to the expression level in the untreated

group. There are recent studies that the expression of beta-3 adrenoceptor mRNA may be

dependent on the degree of obstruction. However, the results are still controversial. In the

severe BOO group, the expression level of beta-3 adrenoceptor mRNA in the mucosa of pros-

tatic urethra was significantly lower than that in the mild BOO group [22]. In contrast, pBOO

has been reported to increase beta-3 adrenoceptor mRNA expression in bladder of rat models

[23]. Activation of beta-3 adrenoceptor in the urothelium induces relaxation of the bladder

detrusor muscle [24]. Clinically, some patients exhibit no effect of beta-3 agonists. The differ-

ence in the effect of beta-3 agonists may be explained by the differences in beta-3 adrenoceptor

expression in the urothelium of the bladder.

Conclusions

Treatment with a free radical scavenger after relief of pBOO shows to prevent histological and

functional changes in the bladder. Apoptosis in the urothelium and the deposition of collagen

fibers in the detrusor muscle layer were significantly decreased. The incidence of NVCs was
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also decreased. Additionally, the beta-3 adrenoceptor was associated with bladder overactivity,

caused by I/R injury presumably. These preventive effects demonstrated at 1 and 3 weeks.
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