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Abstract
Introduction and hypothesis There are several lower urinary
tract dysfunctions (LUTD) that are more common in women
than in men including incontinence, interstitial cystitis, and
recurrent urinary tract infection. There is increasing evidence
that these dysfunctions are associated with reduced blood
flow, ischemia, hypoxia, and reperfusion resulting in free
radical generation and oxidative damage. The goal of the
current study was to determine if the level of circulating
estrogen affects the response of the bladder muscle and mu-
cosa to two in vitro models of oxidative stress: Incubation in
the presence of hydrogen peroxide (H2O2) is the first model;
the second is ischemia followed by reperfusion which results
in the direct production of damaging free radicals. The moti-
vation for this study is the current literature linking female-
related LUTD with oxidative stress.
Methods Eighteen female New Zealand white rabbits were
divided into three groups: control, ovariectomized, and ovari-
ectomized receiving continuous estrogen. Eight bladder strips
from each of three rabbits per group were taken for in vitro
ischemia/reperfusion (I/R) physiological experiments, while
eight strips from the three remaining rabbit bladders per group
were taken for in vitro H2O2 experiments. All tissue was
analyzed for total antioxidant activity (AA) and
malondialdehyde (MDA) levels. In addition, the organ bath
buffer was also analyzed for AA.
Results In vitro H2O2 was found to target the nerve, musca-
rinic receptor, and membrane equally causing more damage to
bladder tissue than in vitro I/R. Ovariectomy resulted in lower

contractility and higher lipid peroxidation. However, estrogen
supplementation following ovariectomy protected the bladder
against both models of oxidative stress by maintaining con-
tractile responses to stimulation and decreasing lipid
peroxidation.
Conclusions The primary conclusion from this study is high
estrogen protects the bladder from oxidative stress, whereas
low estrogen makes the bladder more susceptible.
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Introduction

There are several lower urinary tract dysfunctions (LUTD)
that are more prevalent in women than men. These conditions
include interstitial cystitis (IC), recurrent urinary tract infec-
tions, and incontinence [1, 2]. The lower urinary tract includes
the bladder which is composed of a thick smooth muscle wall
and an inner tissue layer of mucosa (urothelium) which is
intimately associated with lower urinary tract function [3, 4].
The mucosa is the first line of defense against bladder infec-
tions and normally prevents the penetration of urinary solutes
into the bladder tissue wall. There is increasing evidence that
incontinence, recurrent urinary tract infections, and IC are
related directly to circulating estrogen levels. Specifically,
relatively low estrogen levels decrease blood flow to the
bladder muscle and mucosa resulting in ischemia and hypox-
ia. The result is a breakdown in mucosal integrity and ische-
mic damage to the muscle and mucosa [5, 6].

Prior assessments of the effects of altering circulating es-
trogen have demonstrated that increasing estrogen results in
an increase in blood flow to the bladder muscle and mucosa,
whereas low circulating estrogen results in decreased blood
flow and significantly increased ischemia and hypoxia [5, 6].
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Thus, low estrogen results in both increased permeability,
ischemia, and free radical damage to cellular and subcellular
membranes including the mitochondria, sarcoplasmic reticu-
lum, and synaptic membranes [4–6].

It has been found that local blood flow to the mucosa in
patients with IC is significantly reduced compared with non-
IC patients during bladder distention [7, 8]. Clinically, the
symptoms of pain and urgency of patients with IC are induced
by distention and relieved by voiding of the bladder. We
believe this is because ischemia and hypoxia of the bladder
can affect sensory nerve membranes which lead to pain acti-
vation [9]. Our published studies have confirmed that in our
rabbit model cyclical estrogen (2-week periods of high estro-
gen followed by 2-week periods of low estrogen) has signif-
icant effects on blood flow, ischemia, hypoxia, and mucosal
damage consistent with the above observations [5, 6].

In the current study two physiologically relevant in vitro
models of oxidative damage are utilized to characterize the
effects of oxidative stress on the rabbit urinary bladder. The
first is to expose isolated strips of bladder to ischemia/
reperfusion (I/R, media equilibrated with nitrogen instead of
oxygen without glucose in the media) for a period of time and
then allowed to recover in the presence of oxygen and glu-
cose. The second method is to subject isolated strips of blad-
der directly to increasing concentrations of hydrogen peroxide
(H2O2) which would occur physiologically if the activity of
superoxide dismutase (SOD) increased above the ability of
catalase to neutralize the H2O2 which is the product of SOD
activity [10, 11].

The specific aim of the current study was to determine the
effect of I/R and direct exposure to H2O2 on the contractile
responses of isolated strips of bladder body and base-urethra
to different forms of stimulation, on the generation of
malondialdehyde (MDA) in the bladder body and base-
urethra, and on the total antioxidant activity (AA) levels of
the bladder body, base-urethra, and physiological bath buffer.

Materials and methods

All methods were approved by the Institutional Animal Care
and Use Committee of the Stratton VA Medical Center, Alba-
ny, NY, USA.

Animal methods

Eighteen adult female New Zealand white rabbits (approxi-
mately 3.5 kg each, 3–4 months old) were divided into three
groups of six rabbits each. Group 1 (control) underwent sham
surgery or received estrogen. Group 2 received bilateral ovari-
ectomies and did not receive estrogen (Ovx). Group 3 re-
ceived bilateral ovariectomies and had slow release estrogen
tablets implanted in their subscapular area with a release of

1 mg/kg per day (Ovx+E). Estrogen implantation was simul-
taneous with ovariectomy. At the end of 2 weeks, each rabbit
was anesthetized with 1 ml/0.2 ml/kg ketamine/xylazine by
intravenous injection and was euthanized with 2 ml Fatal Plus
Euthanasia fluid given IV. The bladder was rapidly removed
and weighed. Five strips of the bladder body and three strips
of the base-urethra from each bladder were taken for physio-
logical testing. The balance of the bladder was separated by
blunt dissection and frozen under liquid nitrogen and stored at
−80 °C for biochemical analyses.

We did not measure the plasma estradiol levels in this
experiment, but we did measure them in several previous
experiments utilizing the identical models [12].

Physiological experiments

In vitro ischemia/reperfusion experiment

The bladders of three rabbits from each group were used and
eight strips per rabbit (N =24) were taken. The bladder was
weighed and cut into full thickness equal length strips (about
1.5 cm long and 2 mm wide). The strips were placed in
individual 15 ml organ baths containing Tyrode’s solution
with glucose (1 mg/ml) at 36 °C and equilibrated with 95 %
oxygen and 5 % carbon dioxide. The following experiment
was performed:

Each strip was set at 2 g passive tension and stimulated
with field stimulation (FS, 2 Hz, 8 Hz, 32 Hz, 1 ms duration
for 20 s with 3 min in between stimulations). Carbachol
(20 μM) and potassium chloride (120 mM) were then
individually administered to each strip for 3 min with three
washes with fresh buffer in between each stimulation. After
the control stimulations, each bath was then switched to
Tyrode’s solution without glucose and equilibrated in the
presence of 95 % nitrogen and 5 % carbon dioxide for 1 h
with stimulation at 32 Hz every 5 min. The buffer was then
switched back to standard oxygenated Tyrode’s with glu-
cose, and the strips were allowed to recover for 2 h. The
strips were then stimulated as originally described and then
cut, weighed, and frozen in liquid nitrogen for biochemical
analyses. A sample of physiological buffer (1 ml) from each
bath was taken after each stimulation and before and after
the ischemic period and then frozen at −80° C for further
biochemical analyses.

In vitro hydrogen peroxide experiment

The bladders of three rabbits from each group were used with
eight strips per rabbit (N =24) being taken. The tissues were
stimulated by FS (2 Hz, 8 Hz, 32 Hz as in the I/R experiment),
and carbachol (20 μM) was individually administered to each
strip for a 3-min exposure. After each exposure, the strips
were washed two times at 10-min intervals with fresh,
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oxygenated Tyrode’s solution. After the second wash, 0.1 %
H2O2 was added for a 10-min incubation and the tissues
stimulated again by FS and carbachol. This process was
repeated for 0.2, 0.4, and 0.8 % H2O2. A sample of physio-
logical buffer (1 ml) was taken after each carbachol stimula-
tion and frozen at −80 °C for further biochemical analyses.

Biochemical analyses

CUPRAC assay

Total AA of the physiological buffer was quantified by the
cupric ion reducing antioxidant capacity (CUPRAC) assay
[13, 14]. For the CUPRAC assay, all samples and standards
were prepared in duplicates in which 150 μl of the sample or
standard was mixed with 150 μl each of 1 M ammonium
acetate, 7.5 mM neocuproine, and 10 mM copper(II) chloride
dihydrate. The standard curve was established using 1 mM L-
ascorbic acid. The concentrations were 1,000, 500, 250, 125,
62.5, and 31.25 μM, as well as a blank (Tris buffer). Once the
ammonium acetate, neocuproine, and copper(II) chloride
dihydrate were added to the samples and standards, the test
tubes were incubated at room temperature for 30 min. At this
point, they were analyzed in a Hitachi U-2001 Spectropho-
tometer set to read at 450 nM [15–17].

Malondialdehyde assay

Malondialdehyde levels of the tissue and experimental strips
were quantified using a thiobarbituric acid (TBA)-based assay
[18, 19]. Malondialdehyde is the organic compound with the
formula CH2(CHO)2. This reactive species occurs naturally
and is a marker for oxidative stress. The following is a brief
description of the assay: Tissues are homogenized in 50 mM
Tris, pH 7.6 at 100 mg/ml; 625 μl of sample is mixed with
12.5μl of FeSO4 in a 25-ml Erlenmeyer flask and incubated at
37 °C for the following times: 0, 30, 60, and 120 min. At each
time point, 50 μl of each sample is removed and mixed with
15 μl of 40 % trichloroacetic acid (TCA) in duplicate to cause
protein precipitation and aid with lipid extraction [20, 21]. All
sets of samples are spun in a microcentrifuge for 2 min and
50 μl aliquots taken into 12×75 test tubes.

The standard triethoxypropane (TEP) is made as a 1 % v/v
solution in diluent (200:60 mixture of KCl-Tris/40 % TCA).
All samples and standards receive 750 μl of 1 % TBA pH 7.4
and undergo a 90 °C incubation for 30 min. The reaction
yields a TBA-MDA adduct which is quantified by fluorome-
try at 534 nm EX and 553 nm EM.

Statistical analyses

One- and two-way analysis of variance were used to deter-
mine if significant differences were present among the groups,

and the Tukey test was used to statistically compare individual
groups. A p <0.05 was required for statistical significance.

Results

The average rabbit body weights (3.5 ± 0.6 kg) were the same
for the three groups. The bladder weights for the control, Ovx,
and Ovx+E groups were 2.5 ± 0.4, 1.8 ± 0.2, and 4.0 ± 0.5 g,
respectively. The average bladder weight from rabbits in the
Ovx group was significantly lower than control, and the
average bladder weight from the Ovx+E group was signifi-
cantly higher than both the control and Ovx rabbits.

Figure 1 shows the baseline contractile responses of the
bladder body and base-urethra to FS and chemical/
pharmacological stimulation for the three groups (control,
Ovx, and Ovx+E). The Ovx group demonstrated significantly
lower contractile responses to all forms of stimulation com-
pared to the control and Ovx+E groups. For both types of
tissue, the Ovx+E group showed significantly higher

Fig. 1 Contractile force of isolated strips of bladder body (top) and
bladder base-urethra (bottom) to FS, carbachol, and KCl. Each bar is
the mean ± SEM of six individual rabbits. *=Significantly different from
control; X=significantly different from Ovx; &=significantly different
from bladder body; p <0.05
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contractile responses to all forms of stimulation compared to
the Ovx group.

The effects of H2O2 on the contractile responses of bladder
body and base-urethra to FS at 32 Hz and to carbachol
stimulation are presented in Figs. 2 and 3, respectively. The
contractions are expressed as a percent of contraction without
H2O2 at the varying concentrations of H2O2 (0.1, 0.2, 0.4, and
0.8 %). For both tissues, H2O2 produced a progressive and
similar decrease in contractile responses to both forms of
stimulation for the control and Ovx groups. The Ovx+E group
for both types of tissues showed significantly higher contrac-
tile responses to both forms of stimulation at all concentrations
of H2O2 when compared to the control and Ovx groups.
Similar results were obtained for 2 and 8 Hz FS (data not
shown).

It is important to note that chemical stimulation with KCl
was not utilized in the H2O2 experiments to avoid having to
wash the bladders between carbachol and KCl, thus increasing
the exposure time to the H2O2.

Figure 4 shows the effect of I/R (as the percentage of the
pre-I/R response). FS was significantly more sensitive to I/R
than were carbachol and KCl. Control and Ovx tissues had
very similar responses to I/R except for the base-urethral

tissues where the responses of the Ovx group to 2 and 8Hz
FS were significantly lower than the responses of the control
tissue. All responses of the bladder body strips were signifi-
cantly higher for the Ovx+E than for control and Ovx groups.
For the base-urethral strips, the responses to 32 Hz FS, carba-
chol, and KCl were significantly higher for the Ovx+E group
than for the other two groups. The responses of both tissues to
carbachol for the Ovx+E group were equal to the response of
the control tissue.

Figure 5 shows the MDA levels expressed as μM/mg
protein for the bladder body and base-urethra for the three
groups: exposed to H2O2 and I/R and for tissue not exposed to
oxidative stress. MDA levels were significantly higher in all
H2O2 and I/R strips compared to unexposed tissue. Unex-
posed tissue and strips had significantly higher MDA levels
in the Ovx group compared to the control group for tissues.
H2O2 produced higher levels of MDA compared to I/R for the
bladder body but not for the base-urethra in both Ovx and
Ovx+E groups. In general, all unexposed tissue and strips
(body and base-urethra) had significantly higher MDA levels
in the Ovx+E group compared to the control group. All MDA
levels for the H2O2 and I/R strips in the Ovx+E group were
significantly lower compared to those of the Ovx group but
higher than the control group.

Fig. 2 Effect of H2O2 on the contractile force of isolated strips of bladder
body (top) and bladder base-urethra (bottom) to FS. Each bar is the mean
± SEM of six individual rabbits. *=Significantly different from no H2O2;
X=significantly different from no H2O2 and Ovx; p <0.05

Fig. 3 Effect of H2O2 on the contractile force of isolated strips of bladder
body (top) and bladder base-urethra (bottom) to carbachol. Each bar is
the mean ± SEM of six individual rabbits. *=Significantly different from
no H2O2; X=significantly different from no H2O2 and Ovx; p <0.05
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The CUPRAC assay was performed on organ bath buffer
samples at various points during the H2O2 and I/R experi-
ments. Although the bath buffer was sampled at various times,
only the AA of preexposure and at the highest concentrations
of H2O2 (0.8 %) is shown. The AA concentrations of 0.1 and
0.2 % were equal to preexposure while the concentration at
0.4 % was approximately half of that shown for 0.8 %. These
indicate that, for the bladder body and base-urethra, higher
concentrations of H2O2 resulted in significantly higher levels
of AA in the organ bath fluid compared to bath fluid without
H2O2 (Fig. 6). This would indicate that at the higher concen-
trations of H2O2 there was significant tissue damage allowing
the intracellular antioxidants to leak out into the organ bath.
The ability of H2O2 to disrupt cellular membranes and tissues
is well documented in the literature and is consistent with the
data presented [22–24].

In the I/R experiment (Fig. 6), the bath fluid of the
postischemia Ovx+E had significantly lower AA compared

to preexposure for bladder body and base-urethra. Unlike the
H2O2 experiments, I/R did not mediate an increase in the
release of AA into the bath fluids. This is probably because
the damage mediated by I/R is intracellular, thus maintaining
the integrity of the plasma membrane.

Discussion

Estrogen has been indicated as a protective agent in a wide
variety of pathological states including coronary heart disease,
Alzheimer’s disease, and multiple sclerosis [25–27]. This
protection includes, in part, its ability to reduce oxidative
stress [28]. The present study investigated the protective role
of estrogen in two in vitro models of oxidative stress.

A significant increase in average bladder weight for the
estrogen-treated groups compared to the control and Ovx
groups was expected. Previous studies have shown that estro-
gen increases rabbit bladder mass due to increased functional
hypertrophy of smooth muscle which is accompanied by

Fig. 4 Effect of I/R on the contractile force of isolated strips of bladder
body (top) and bladder base-urethra (bottom) to FS, carbachol, and KCl.
Each bar is the mean ± SEM of six individual rabbits. *=Significantly
different from pre-I/R; &=significantly different from control; X=signif-
icantly different from control and Ovx; #=significantly different from FS
from the same group; p <0.05

Fig. 5 Effect of H2O2 and I/R on the MDA concentration of the bladder
body (top) and bladder base-urethra (bottom). Each bar is the mean ±
SEM of six individual rabbits. 1=Tissue not exposed to either H2O2 or
I/R; *=Significantly different from tissue, p<0.05; x=significantly dif-
ferent from control, p <0.05; #=significantly different from Ovx,
p <0.05; &=significantly different from H2O2, p <0.05; @=significantly
different from bladder body, p <0.05
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increased protein synthesis, angiogenesis, and muscle mass
[29, 30]. Specifically, this increase in cell mass results in a
type of “functional hypertrophy” in which contractile re-
sponse to all forms of stimulation is improved and is accom-
panied by an increased ratio of smooth muscle to collagen
[31]. Additionally, estrogen stimulates angiogenesis of the
bladder, which increases vascular density and distribution
which also increases bladder mass and mitigates ischemic
effects [32].

The data from the contractility studies revealed that
ovariectomy and estrogen supplement had different ef-
fects on baseline contractile responses to FS and carba-
chol. As was expected, ovariectomy decreased the base-
line contractile response to each type of stimulation for
the bladder body and base-urethra, while estrogen signif-
icantly increased the baseline contractile response. There-
fore, without the additional stress of either I/R or H2O2,
ovariectomy followed by estrogen supplementation pro-
tects against tissue damage mediated by the ischemia/
hypoxia induced by Ovx and therefore improves detrusor
contractility.

To summarize, we determined that estrogen supplementa-
tion increased the contractile responses of isolated strips of
bladder body and base-urethra to FS, carbachol, and KCl. We
found that I/R had a more negative impact on the contractile
responses of isolated strips of bladder body and base-urethra
to FS compared to carbachol or KCl stimulation. H2O2 had
equally negative impacts on contractile responses to FS and
carbachol stimulation.

Upon comparing the two different in vitro experiments,
I/R inhibited contractile response to FS to a significantly
greater degree than carbachol in all three groups. Con-
versely, different concentrations of H2O2 inhibited the
response to both carbachol and FS equally. Carbachol is a
muscarinic agonist which acts by stimulating its receptor
directly without the participation of neurotransmission and
requires only the receptor and the cell membrane. FS on
the other hand mimics neurohumoral stimulation of muscle
contraction through neurohumoral release, diffusion across
the synapse, and stimulates postsynaptic receptors [6].
Based on these results, the I/R experiment targets the
presynaptic innervation and therefore neuronal transmis-
sion to a greater extent than it does the postsynaptic
targeted muscarinic receptor or the cell membrane, where-
as H2O2 has both presynaptic (neurogenic) and postsynap-
tic (myogenic) effects.

Estrogen was found to be protective against both types of
in vitro oxidative damage affecting contractility mechanisms.
This finding is supported by the fact that in both experiments,
the Ovx+E group exhibited significantly greater contractile
responses to all forms of stimulation compared to the Ovx
group for both the bladder body and base-urethra. Estrogen
completely protected the bladder body and base-urethra in the
I/R experiment when stimulated by carbachol indicating that
any damage to the muscarinic receptor and the cell membrane
was prevented. This may be due to improved blood flow
because estrogen has been shown to have vasodilatory effects
[33, 34]. Despite the specific mechanism, we know that estro-
gen supplementation provided protection against the oxidative
damage to the receptor and cell membrane caused by I/R and
the associated increase in free radical generation associated
with short-term I/R. This indicates that mucosal and detrusor
hypoxia was relieved and the mucosal permeability barrier
was restored which was reflected by the full contractile re-
sponse to carbachol [30, 35].

Although estrogen was found to significantly increase the
contractile response at higher concentrations of H2O2,, the
degree of protection was not as great as in the I/R experiment
since the contractile response was onlymildly restored. There-
fore, estrogen was more successful in reversing the oxidative
damage to the nerve compared to the more extensive damage
to the cell membrane and muscarinic receptor caused by
H2O2.. In future studies, it would be beneficial to establish
whether increasing the dose of estrogen could reverse the

Fig. 6 Effect of H2O2 and I/R on the total antioxidant concentrations of
the bladder body (top) and bladder base-urethra (bottom). Each bar is the
mean ± SEM of six individual rabbits. *=Significantly different from
preexposure and I/R, p <0.05; x=significantly different from control,
p <0.05
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apparent nerve damage caused by in vitro oxidative stress
especially by H2O2 exposure.

The biochemical analyses revealed that MDA levels were
significantly higher in the H2O2 and I/R experiments com-
pared to nonexposed tissue across all groups for the bladder
body and base-urethra. MDA is a biomarker for oxidative
damage and a product of fatty acid lipid peroxidation induced
by reactive oxygen species [18, 19, 36]. Therefore, in vitro
exposure to H2O2 and I/R causes significant lipid peroxida-
tion. This can be explained due to the ability of both models to
generate free radicals although by different mechanisms.
Ovariectomy for all unexposed tissue and strips caused sig-
nificantly higher MDA levels compared to control which is
consistent with the reduced contractile responses of this
group.

Interestingly, H2O2 produced greater lipid peroxidation
compared to I/R in the bladder body compared to the base-
urethra in both Ovx and Ovx+E groups. Muscarinic receptor
density is higher in the bladder body compared to the base-
urethra [37]. These results may also indicate that H2O2 targets
the muscarinic receptor to a greater degree than I/R does
because there was greater lipid peroxidation in the bladder
body compared to the base-urethra.

Lipid peroxidation is a commonly used measure of oxida-
tive stress and is associated with a wide variety of degenera-
tive diseases [38, 39]. MDA is one of the many end products
formed during lipid peroxidation during which reactive oxy-
gen species attack polyunsaturated fatty acids of cell mem-
branes. Additionally, we saw differences in MDA levels from
the bladder body and base-urethra in response to our two
forms of in vitro oxidative stress. As far as we can ascertain,
the differential responses of the bladder body and base-urethra
have not been previously studied under these conditions.

There was significantly higher AA in the organ bath fluid at
higher H2O2 concentrations (0.4 and 0.8 %) compared to
preexposure levels. These results were expected because
H2O2 is known to break down cell membranes [22–24]. Total
AA of the bath fluid was not increased after I/R in any of the
three groups.

One limitation of this study is the ability to correlate the
data generated with in vivo oxidative stress. The data present-
ed in this study would imply that H2O2 and I/R have different
mechanisms by which they produce oxidative stress and blad-
der tissue dysfunction. However, both H2O2 and I/R do occur
in vivo and studies have demonstrated similar findings using
in vivo studies, although in these in vivo studies it would be
very difficult to determine the relationship of the bladder
dysfunctions observed with H2O2 or I/R mediated oxidative
stress [5, 6, 29, 30, 40].
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