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by non-selective COX inhibitors and amelioration by a selective DP1
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Abstract
Various studies have confirmed that prostaglandins (PG) alter the bladder motor activity and micturition reflex in both human and
animals. However, no sufficient data is reported about the effect of cyclooxygenase (COX) inhibitors neither in normal bladder
physiology nor in pathological conditions. This study aims to compare the potential effects of some COX inhibitors with varying
COX-1/COX-2 selectivities (indomethacin, ketoprofen, and diclofenac) with that of the selective COX-2 inhibitor (DFU) on bladder
function. The role played by some PGs and their receptors in controlling detrusor muscle function in normal condition and in cystitis is
also studied. Organ bath experiments were performed using isolated rat detrusor muscle. Direct and neurogenic contractions were
induced using ACh and electric stimulation (EFS), respectively. A model of hemorrhagic cystitis was induced by single injection of
cyclophosphamide (300 mg/kg) in rats, and confirmed by histophathological examination. Results are expressed as mean ± SEM of
5–9 rats. Alprostadil and iloprost (1 nM- 10 µM) concentration-dependently potentiated ACh (100 μM)- and EFS (4 Hz)-induced
contraction, with maximum potentiation of 40.01 ± 5.29 and 27.59 ± 6.64%, respectively, in case of ACh contractions. In contrast,
ONO-AE1-259 (selective EP2 agonist, 1 nM–10 μM) inhibited muscle contraction. SC51322 (EP1-antagonist, 10 μM) and
RO1138452 (IP antagonist, 10 μM) inhibited both direct and neurogenic responses. Hemorrhagic cystitis reduced both ACh and
EFS responses as well as the potentiatory effect of iloprost and the inhibitory effect of RO1138452 on ACh contractions. ONO-AE3-
237 (DP1 antagonist, 1 μM) significantly potentiated contractions in cystitis but showed no effect in normal bladder. A significant
inhibition of contractile responsewas observed in presence of indomethacin, ketoprofen, and diclofenac at all tested concentrations (20,
50, and 100 μM). Highest effect was induced by diclofenac. The effect of these COX inhibitors on EFS contractions was intensified in
case of cystitis, indomethacin being the most potent. Atropine (1 nM) significantly reduced indomethacin effect on ACh contraction
only in normal rats. On the other hand, DFU (10−6M) significantly potentiated the contractile effect of ACh in case of cystitis although
it showed no effect in normal rats. EP1 receptors seem to play an important role in rat bladder contractility. DP1 receptors as COX-2, on
the other hand, gain an important role only in case of cystitis. The use of non-selective COX inhibitors in cystitismay be associatedwith
bladder hypoactivity; selective COX-2 inhibitors may be a safer option.
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Introduction

Urinary bladder disorders are among the most common disor-
ders of the lower genitourinary tract. They can be categorized
into different conditions including storage conditions such as
overactive bladder (OAB) and underactive bladder (UAB), ob-
structive conditions such as bladder outlet obstruction, inflam-
matory conditions such as interstitial and hemorrhagic cystitis
in addition to bladder cancer (Andersson 2016). In 2008, almost
45.2% of the worldwide populations have been reported to be
affected by at least one lower urinary tract symptom including
10.7% suffering from OAB (Irwin et al. 2011).
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The major neurotransmitters involved in contractility of
bladder smooth muscles are acetylcholine (ACh) and adeno-
sine triphosphate (ATP). Muscarinic and purinergic receptors
activation causes elevation of intracellular calcium (Ca2+) lev-
el and activation of voltage-dependent L-type Ca2+ channels
resulting in contraction of the muscle (Ding et al. 2009). The
contractile receptors in the detrusor muscles include musca-
rinic receptors (M2 and M3) which are the dominant ones, and
purinergic receptors (P2X1). M3 receptors are the main con-
tractile component. However, M2 receptors are the more
expressed ones and are responsible mainly for the
recontraction of the detrusor muscles after relaxation
(Uchiyama and Chess-Williams 2004; Hegde 2006).

The exact role of endogenous prostaglandins (PGs) in dif-
ferent tissues of lower urinary tract is not well elucidated, but
various studies have confirmed that exogenous PGs alter the
bladder motor activity and micturition reflex in both human
and animals (Maggi 1992; Anderson 1993). The main PGs
synthesized in the bladder under physiological and patholog-
ical conditions are PGE2, PGF2α, PGI2, and thromboxane A2

(TXA2) (Rahnama'i et al. 2012). The major effective PG in
rabbit bladder is PGE2 followed by PGI2, PGF2α, and TXA2

(Leslie et al. 1984). In rat bladder, PGI2 is the major effective
PG followed by PGE2 and TXA2 (Jeremy et al. 1984). In
human bladder, the main PG is PGI2 followed by PGE2,
PGF2α, and TXA2 (Jeremy et al. 1987). EP1 and EP3 receptors
are reported to be involved in bladder contraction, while EP2
and EP4 induce relaxation (Coleman et al. 1994). The inhibi-
tion of PG synthesis was also shown to decrease the choliner-
gically mediated contraction of guinea pig urinary bladder
(Rahnama'i et al. 2013). PGE2 level was found to be higher
in patients with OAB (Tanaka et al. 2011). The effect of PGE2

on detrusor muscles is mainly mediated via EP1 receptors, as
its effect was blocked by EP1 receptor antagonist in rats with
OAB. Moreover, EP1 receptors are involved in micturition
reflex initiation in normal rats and also in case of bladder
outlet obstruction (Lee et al. 2007).

Cyclooxygenase (COX) inhibitors include non-selective
COX inhibitors and selective COX-2 inhibitors. Most of them
are competitive inhibitors of COX enzyme at its active site
resulting in inhibiting the formation of the pro-inflammatory
PGs, so they are mainly used as analgesic and anti-
inflammatory medications. Besides, some have antipyretic ef-
fect (Simmons et al. 2004). In rat urinary bladder, COX-1 is
the constitutive isoform while COX-2 is expressed under in-
flammatory conditions as in case of hemorrhagic cystitis
(Klinger et al. 2007). As reported by Lecci et al. (2000),
COX-1 isoenzyme partially modulates the threshold of mictu-
rition reflex in normal rats, while COX-2 is involved in the
urodynamic changes which result from urinary bladder in-
flammation. Takagi-Matsumoto et al. (2004) reported that
ketoprofen was more effective than indomethacin in increas-
ing bladder volume capacity in normal rats without affecting

micturition, while in cystitis, they increased bladder capacity
and decreased micturition frequency. Cardozo et al. (1980)
reported that flurbiprofen is effective in reducing urinary in-
continence in patients with OAB, and suggested that it could
be suitable for patients with detrusor instability. However,
indomethacin could not inhibit carbachol-induced contraction
in isolated porcine bladder (Badawi et al. 2008).

Most of the reported data investigated the effect of COX
inhibitors on bladder function in models of OAB. However,
little data is reported about the potential negative role of COX
inhibitors in bladder physiology neither in humans nor in ex-
perimental animals.

Aim of the work

This study has as hypothesis to test whether inhibiting PG
synthesis or action would affect bladder contractility, and
whether the use of selective COX-2 inhibitor will be associat-
ed with less side effects than the conventional non-selective
COX inhibitors, in normal and inflamed bladders. In this re-
gard, the study aims to compare the potential effects of some
COX inhibitors with varying COX-1/COX-2 selectivities
(such as indomethacin, ketoprofen, and diclofenac) with that
of the selective COX-2 inhibitor (DFU) on bladder function.
The involvement of effective PGs’ receptors in the pathophys-
iology of cystitis as well as the differential effects of nonste-
roidal anti-inflammatory drugs (NSAIDs) with various selec-
tivities in such condition in comparison to normal status will
also be investigated. The study is expected to shed some light
on the PG-related pathways involved in cyclophosphamide
(CYP)-induced hemorrhagic cystitis as well as the conse-
quences of the use of NSAIDs in the management of such
condition.

Material and methods

Chemicals

The chemicals used in this study and their respective sources
were as follows: acetylcholine chloride (Sigma), alprostadil
(Tocris), atropine sulfate (Merck), cyclophosphamide
monohydrate (Endoxan® vial, Baxter), 5,5-dimethyl-3-(3-
fluorophenyl)-4-(4-methylsulphonyl) phenyl-2(5H)-furanone
(DFU, Cayman), diclofenac sodium (Sigma), iloprost
(Tocris), indomethacin (Sigma), ketoprofen (European
Egyptian Pharm. Co.), (Z)-7-[(1R,2R,3R,5R)-5-chloro-3-hy-
droxy-2-[(E,4S)-4-hydroxy-4-(1-prop-2-enylcyclobutyl)but-
1enyl] cyclopentyl]hept-5-enoic acid (ONO-AE1-259)
and 2-[1-[4-[[(2S)-4,6-dimethyl-2,3-dihydro-1,4-benzoxazin-
2-yl]methoxy]benzoyl]-2-methylindol-4-yl]acetic acid
(ONO-AE3-237) are gift from Ono Pharmaceutical
Co.Ltd, Chuo-ku, Osaka, japan, N-[4-[(4-propan-2-
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yloxyphenyl)methyl]phenyl]-4,5-dihydro-1H-imidazol-2-
amine (RO1138452 hydrochloride, Cayman), 3-chloro-N′-
[ 3 - ( f u r a n - 2 - y lme t h y l s u l f a ny l ) p r op anoy l ] - 6H -
benzo[b][1,5]benzoxazepine-5-carbohydrazide (SC51322,
Tocris).

For preparation of 10% (v/v) formalin solution, a stock
solution (40% v/v formaldehyde) was diluted 1:9 with distilled
water containing phosphate buffer (4 g/L NaH2PO4, 6.5 g/L
Na2HPO4) to keep neutral pH.

The isolated rat detrusor smooth muscle

Experiments were carried out on male albino Wistar rats
weighing 250–270 g (age; 3–4 months). The animals were
obtained from the Alexandria University Faculty of
Pharmacy Animal House. The rats were housed in plastic
cages, and held under a 12-h dark/light cycle, with free access
to water and chow. Study protocols comply with the guide-
lines for the proper conduct of animal experiments and are
approved by the Animal Care and Use Committee
(ACUC)—Faculty of Pharmacy—Alexandria University. All
applicable international, national, and institutional guidelines
for the care and use of animals were followed. Preparation of
the muscle was performed as described by Luheshi and Zar
(1991). Rats were anesthetized by intraperitoneal injection of
thiopentone (50 mg/kg) and then sacrificed by exsanguina-
tion. In order to expose and isolate the urinary bladder, the
lower abdomen was opened and the bladder separated from
associated connective tissues and blood vessels. The bladder
was then excised above its trigone to isolate only the detrusor
muscles of the bladder away from its neck and urethral sphinc-
ter. The bladder was then emptied of any residual urine and
washed several times using Krebs solution. The bladder was
then fixed in a petri dish and two lateral incisions along its
longitudinal axis were made and the bladder was unfolded
giving rectangular sheet which was cut longitudinally to give
two strips of detrusor muscle 2 × 15 mm. The detrusor muscle
was fixed at one end between two parallel platinum electrodes
4 to 5 mm apart and mounted in a 10-mL organ bath contain-
ing Krebs solution (composition in mM; NaCl 118, KCl 4.7.
CaCl2 2.5, MgSO4·7H2O 1.2, KH2PO4 1.2, NaHCO3 25, and
glucose 11, pH = 7.4), kept at 37 °C and continuously aerated
with 95% (v/v) O2 and 5% (v/v) CO2. The other end was tied
and attached to a force displacement transducer (Grass FT-03)
which in turn was connected to a computerized data acquisi-
tion system through anMLAC11Grass adapter cable. Tension
studies were performed using Lab Chart-7 pro software
(Power Lab 4/35, model ML 866/P; AD Instrument Pty
Ltd., Castle Hill, Australia). The tissue was left to equilibrate
under a resting tension of 0.5 g for 60 min during which the
physiological solution was replaced each 15 min. Meanwhile,
time-matched control experiment was conducted over the du-
ration of the experiment.

The contractile responses to ACh (in g tension) in absence
and presence of the tested drug were measured and the per-
centage change from control was calculated. For electric field
stimulation (EFS) experiments, each strip was subjected to
increasing frequencies (1, 4, and 16 Hz; voltage 80 V, pulse
duration 1 ms, 3 min interval). After incubation with the stud-
ied drug, the frequency response curve or the submaximal
frequency was repeated. The contractile responses to EFS in
absence and presence of the tested drug were measured and
the percentage change from control was calculated.

The tested COX inhibitors were selected based on their
IC50 ratio (COX-1/COX-2); indomethacin was more COX-1
inhibitor (IC50 ratio = 0.0125) followed by ketoprofen (IC50

ratio = 0.016), while diclofenac was more COX-2 inhibitor
(IC50 ratio = 1.97) and DFU was chosen as a highly selective
COX-2 inhibitor (IC50 ratio = 74) (Brideau et al. 2001; Rao
and Knaus 2008).

Induction of hemorrhagic cystitis

As described by Wada et al. (2013), rats (weighing 250–
270 g) were divided into two groups; the first group was
injected with saline and served as control, while the second
group received a single intraperitoneal (I.P.) injection of CYP
(300 mg/kg) to induce hemorrhagic cystitis. Forty-eight hours
after injection, rats were sacrificed, the urinary bladder was
isolated, and half of the bladder was fixed in formalin and
prepared for histopathological examination, while the other
half was used for tension studies experiments where detrusor
muscle contractility was measured and compared to the con-
trol group in response to ACh and EFS-induced contraction.

Histopathological examination of rat urinary bladder

To confirm the induction of CYP-induced hemorrhagic cysti-
tis, the isolated bladder was fixed in 10% (v/v) buffered for-
malin for 24 h. Tissue taken from the detrusor smooth muscle
region was then embedded in paraffin and stained with
hematoxylin-eosin (H& E). A pathologist blinded to the study
scored the tissue for the mean histological damages including
inflammation, hemorrhage, ulceration, and edema on a scale
from 1 to 4 (1 for normal and 4 for severe changes) as de-
scribed by Gray et al. (1986) and Oter et al. (2004) and shown
in Table 1.

Data analysis and statistics

All the obtained results are expressed as mean ± SEM. Values
between parentheses (n) represent the number of animals in
each group. For analysis of unpaired data, the Student’s t test
was used, while for multiple comparison, analysis of variance
(ANOVA) was used followed by Dunnett’s post-test.
Statistical significance was considered at the level of
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P < 0.05. Analysis was performed using computer software
program GraphPad Prism 6.01.

Results

Effect of selected prostanoids and prostanoids
receptors antagonists on rat detrusor muscle

Low concentrations of ACh (10−9, 10−8 M) showed no effect
on rat detrusor muscles, while at concentrations (10−7–
10−3 M), ACh induced a concentration-dependent contraction
of rat detrusor muscle with a maximum of 2.22 ± 0.23 g (at
10−3 M). EFS (1–16 Hz) also induced a frequency-dependent
contraction of rat detrusor muscle with a maximum attained
contraction of 4.12 ± 0.36 g (at 16 Hz) (Supplement 1). Effect
of alprostadil (synthetic PGE1 10

−9–10−5 M), iloprost (PGI2
analogue, 10−9–10−5 M), or ONO-AE1-259 (selective EP2
agonist, 10−9–10−5 M) was tested on the contractile effect of
a submaximal ACh concentration of 10−4 M and a submaxi-
mal frequency of 4 Hz on rat detrusor muscles and compared
to time-matched control over the experiment duration.
Alprostadil caused a concentration-dependent potentiation of
both ACh and EFS-induced contraction with a maximum
attained potentiation of 40.01 ± 5.29 and 25.32 ± 4.61%, re-
spectively. Iloprost caused a significant potentiation of ACh
and EFS-induced contraction only at high concentrations
(10−6, 10−5 M) with a maximum of 27.59 ± 6.64 and 19.52
± 2.83%, respectively. On the other hand, ONO-AE1-259
caused a concentration-dependent inhibition of both ACh
and EFS-induced contraction. A significant inhibition of
ACh-induced contraction was observed at concentrations
(10−7–10−5 M) of ONO-AE1-259 with a maximum attained
inhibition of 16.37 ± 1.20%. In case of EFS, a significant in-
hibition was observed at concentrations (10−6, 10−5 M) of
ONO-AE1-259 with a maximum of 14.07 ± 4.18% (Fig. 1).

Cyclophosphamide-induced hemorrhagic cystitis was con-
firmed by the histopathological changes shown in the urinary
bladder of CYP-injected rats compared to control as shown in
Table 2 and Fig. 2. As shown in Fig. 3, a downward shift and
significant inhibition of the concentration response curve of
ACh as well as the frequency response curve were observed in

CYP-injected rats compared to control. The maximum
attained contraction induced by ACh (at 10−3 M) was 0.83 ±
0.07 g in CYP-injected rats compared to 2.14 ± 0.17 g in con-
trol (Fig. 3a). Similarly, the contractile effect induced by low
(1 Hz) and high frequencies (16 Hz) was significantly lower in
CYP-injected rats amounting to 0.18 ± 0.02 and 0.81 ± 0.07 g,
respectively, compared to 0.65 ± 0.09 and 3.83 ± 0.50 g in
control (Fig. 3b). The potentiatory effect of alprostadil on
ACh-induced contraction of detrusor muscle isolated from
CYP-injected rats was not significantly different from that of
control, percentages potentiation were 32.51 ± 5.37 and 40.01
± 5.29%, respectively. However, the potentiatory effect of
iloprost at 10−4 M ACh was significantly decreased to 10.15
± 3.00% in CYP-injected rats compared to 27.59 ± 6.64% in
control (Fig. 4a). On the other hand, the potentiatory effects of
both alprostadil and iloprost on EFS-induced contraction of
isolated detrusor muscles of CYP-injected rats were not sig-
nificantly changed compared to control (Fig. 4b).

Effect of SC51322 (selective EP1 antagonist),
RO1138452 (selective IP antagonist),
and ONO-AE3-237 (selective DP1 antagonist) on ACh
and EFS-induced contraction

Both SC51322 and RO1138452 (10−5 M, Orie and Clapp
2011; Yan et al. 2013) produced a significant rightward shift
of both ACh concentration and frequency response curves.
Effect of SC51322 was compared to its vehicle (0.95% (v/v)
ethanol), it significantly decreased the maximum attained con-
traction of ACh (at 10−3 M) from 1.25 ± 0.09 g (as control) to
0.53 ± 0.10 g, while RO1138452 decreased the maximum
attained ACh contraction from 2.11 ± 0.18 to 1.53 ± 0.15 g.
The effect of RO1138452 was more prominent at low ACh
concentration (10−6 M) while at high ACh concentration
(10−3 M), the inhibitory effect of SC51322 became more pro-
nounced (Supplement 2). Same patterns of effects were ob-
served in case of EFS (Supplement 3). In CYP-induced cysti-
tis, and in a similar pattern to normal rats (i.e., rats injected
with saline rather than CYP), RO1138452 was more effective
than SC51322 at low ACh concentration (10−6 M) as it caused
66.53 ± 5.81% inhibition of ACh-induced contraction com-
pared to 38.33 ± 13.57% in case of SC51322. While at high

Table 1 Scoring system for
histopathological changes Score Inflammation Hemorrhage Ulceration Edema

1 None (normal) None (normal) None (normal) None (normal)

2 Mild Dilation of bladder
vessels

Epithelial denuding Between moderate and mild

3 Moderate Mucosal hematomas Focal ulceration Fluids confined to internal
mucosa

4 Severe Intravesical clots Widespread epithelial
ulceration

Fluids inside and outside
bladder wall
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ACh concentration (10−3 M), the inhibitory effect of SC51322
became more pronounced with a percentage inhibition of
52.93 ± 4.75% compared to 9.82 ± 2.57% for RO1138452.
Compared to control normal rats, the inhibitory effect of
RO1138452 on ACh-induced contraction was significantly
decreased in CYP-injected rats, while the effect of SC51322
was not significantly changed. In case of EFS; the inhibitory
effects of both antagonists in CYP-injected rats were almost
similar at low and intermediate frequencies (1 and 4 Hz).
However, at high frequency (16 Hz), the inhibitory effect of
SC51322 was more pronounced with a percentage inhibition
of 68.68 ± 4.32% compared to 48.55 ± 3.71% in case of
RO1138452 (Fig. 5).

On the other hand, ONO-AE3-237 (10−6 M, Guan et al.
2015) produced no significant effect on ACh-induced contrac-
tion in normal rats; however, in CYP-injected rats, it produced
a significant potentiation of ACh-induced contraction mainly
at higher ACh concentrations (10−4 and 10−3 M). At 10−4 M
ACh, ONO-AE3-237 potentiated ACh-induced contraction
by 23.51 ± 6.20% in CYP-injected rats, while in control, it
inhibited the contraction by 3.67 ± 4.11%. At frequency of
4 Hz, ONO-AE3-237 also potentiated EFS-induced contrac-
tion by 33.51 ± 9.33% in CYP-injected rats compared to 2.21
± 6.03% in control (Fig. 5). It is to be mentioned that ONO-

AE3-237 is dissolved in 9.5% v/v ethanol which gave a final
bath concentration of 0.095% v/v and showed no significant
effect on ACh as well as EFS-induced contraction.

Effect of indomethacin, ketoprofen, diclofenac,
and DFU on ACh and EFS-induced contraction

A concentration response curve of ACh (10−9–10−3 M) was
conducted on isolated rat detrusor muscle in absence and pres-
ence of indomethacin, ketoprofen, diclofenac (20, 50, and
100 μM), or DFU (selective COX-2 inhibitor; 10−7–
10−5 M). In normal rats, a significant inhibition of ACh-
induced contraction and a downward shift of the concentration
response curve were observed in presence of indomethacin,
ketoprofen, and diclofenac at all tested concentrations (20, 50,
and 100 μM). As for EFS-induced contraction, a downward
shift of the frequency response curve was observed in pres-
ence of high concentrations of indomethacin, diclofenac, and
ketoprofen (at doses 50 and 100 μM). Only diclofenac
succeeded to inhibit EFS-induced contraction at low concen-
tration (20 μM) and at low frequency (Supplement 4). On the
other hand, DFU produced no significant effect on neither
ACh nor EFS-induced contraction compared to vehicle.

Fig. 1 Effect of alprostadil (10−9–10−5 M) iloprost (10−9–10−5 M) and
ONO-AE1-259 (10−9–10−5 M) on ACh (10−4 M, left panel)- and electric
field stimulation (4 Hz, EFS, right panel)-induced contraction of isolated

rat detrusor muscles. Responses are expressed as mean ± SEM. * denotes
significant difference from control (p < 0.05). Values between parentheses
indicate the number of animals

Table 2 Scores for
histopathological changes in
urinary bladder of control and
cyclophosphamide (CYP)-
injected rats

Histopathological score

Inflammation Hemorrhage Ulceration Edema

Control (saline) 1.40 ± 0.24 1.20 ± 0.20 1.20 ± 0.20 1.60 ± 0.24

CYP 3.60 ± 0.24* 3.60 ± 0.24* 3.25 ± 0.25* 3.60 ± 0.24*

Scale: 1 (for normal) to 4 (for severe changes). Responses are expressed as mean ± SEM of five animals. * denotes
significant difference from control (p < 0.05)
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In CYP-injected rats with confirmed cystitis, a similar
downward shift of ACh concentration response curve was
observed in presence of indomethacin, ketoprofen, and
diclofenac but only at high ACh concentrations (10−5 and
10−4 M) with no significant effect on lower doses
(Supplement 5). At 10−4 M ACh, the percentage inhibition
induced by indomethacin was decreased from 49.79 ± 5.13
to 27.13 ± 5.45% in control and CYP-injected rats, respective-
ly. In case of ketoprofen, the percentage inhibition was de-
creased from 43.37 ± 4.50 to 14.46 ± 3.74%, and in case of
diclofenac, it was decreased from 51.55 ± 3.97 to 22.42 ±
4.46%. In contrast to normal rats, DFU (10−6 M) in case of
cystitis significantly potentiated the contractile effect of ACh
at high concentrations (10−5–10−3 M) compared to DMSO
(vehicle). It significantly increased the maximum attained
contraction from 1.04 ± 0.11 to 1.39 ± 0.20 g with a percent-
age potentiation of 30.64 ± 6.63%.

When comparing the effect of the non-selective COX in-
hibitors on EFS-induced contraction, they all produced more
inhibition in case of cystitis almost at all frequencies tested. At

4 Hz, the percentages inhibition induced by indomethacin,
ketoprofen, and diclofenac was increased from 25.32 ±
6.42% in normal rats to 63.45 ± 8.09% in CYP-injected rats,
from 15.32 ± 5.72 to 44.60 ± 4.26% and from 29.79 ± 2.95 to
52.88 ± 6.84%, respectively. In CYP-injected rats, indometh-
acin produced the highest inhibition of EFS-induced contrac-
tion followed by diclofenac then ketoprofen. On the other
hand, DFU produced no significant effect on EFS-induced
contraction in CYP-injected rats (Fig. 6).

Effect of indomethacin on ACh-induced contraction
in presence of atropine

In presence of atropine (1 nM), indomethacin (50 μM)
was still able to produce a significant inhibition of ACh-
induced contraction; however, its inhibitory effect was
significantly lowered. At 10−6 M of ACh, the percentage
inhibition induced by indomethacin in presence of atro-
pine was decreased to 39.31 ± 6.22% compared to 78.55
± 5.28% in absence of atropine.

A
a b c

cba
B

Fig. 2 A Paraffin cross-section photomicrograph of control rat urinary
bladder showing low degree of inflammation, hemorrhage and edema,
absence of ulceration, and normal urothelial architecture. H & E. approx.
×10, scale bar = 200 μm (panels a and b); approx. ×40, scale bar = 50 μm
(panel c). B Paraffin cross-section photomicrograph of CYP-injected rat

urinary bladder showing (filled triangle) high degree of inflammation and
hemorrhage, (filled square) mild ulceration, (empty triangle) severe ede-
ma, and (downward arrow) proliferated urothelium. H & E. approx. ×10,
scale bar = 200 μm (panels a and b); approx. ×40, scale bar = 50 μm
(panel c)
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In case of cystitis, the percentage inhibition induced by
atropine was decreased compared to control. For example, at
10−4 M ACh, atropine inhibited ACh-induced contraction in
CYP-injected rats by 16.69 ± 3.30% compared to 34.94 ±
5.11% in control. In contrast, at 10−3 M ACh, atropine unex-
pectedly potentiated the maximum attained contraction from
1.34 ± 0.1 to 1.53 ± 0.12 g in CYP-injected rats with a percent-
age potentiation of 19.14 ± 2.05% while this effect was absent
in control. In presence of atropine (1 nM), indomethacin
(50 μM) was still able to cause a significant inhibition of
ACh-induced contraction at (10−5 and 10−4 M ACh) and, in
contrast to control, the inhibitory effect induced by indometh-
acin was not significantly decreased in presence of atropine in
CYP-injected rats (Fig. 7).

Discussion

Cyclophosphamide is an antineoplastic agent used for the
treatment of different types of tumors and as immunosuppres-
sive agent (Aschan et al. 1999). One of its major side effects is
hemorrhagic cystitis which involves the release of different
inflammatory mediators and production of reactive oxygen
species and other mediators (Cox 1979).

In the current study, CYP-induced hemorrhagic cystitis
was confirmed by histopathological examination which is
consistent with that previously reported by Oter et al.
(2004). Both ACh and EFS-induced contractions of detrusor
muscles were significantly diminished in rats with cystitis
which is consistent with the reported lowering of carbachol

and potassium chloride-induced contraction of rat detrusor
muscles in CYP-injected rats (Giglio et al. 2005). Moreover,
responses to methacholine, ATP, and adenosine are reported to
be diminished in rats with hemorrhagic cystitis (Aronsson
et al. 2014). Detrusor muscles hypoactivity may be attributed
to the reported downregulation of purinergic receptors (A1)
which are important for detrusor muscles contraction (Vesela
et al. 2011), the increased expression of inducible nitric oxide
synthase (iNOS) and endothelial NOS (eNOS) which in turn
results in increasing the synthesis of nitric oxide (NO) (Oter
et al. 2004; Giglio et al. 2005) and as a result, inhibiting ACh-
induced release of PGE2 in urothelium (Nile and Gillespie
2012). Hypoactivity may also be attributed to the increased
expression of M5 receptors in detrusor smooth muscles which
in turn may stimulate NO production (Giglio et al. 2005).

Prostaglandins are suggested to play an important role as
key mediators in hemorrhagic cystitis; upregulation of COX-2
expression, and prostaglandin (PGE2 and PGD2) production
were demonstrated in the urinary bladder in acute and chronic
CYP-induced cystitis. In addition, bladder function was im-
proved with administration of a specific COX-2 inhibitor,
DFU (Hu et al. 2003). In the current study, alprostadil poten-
tiated both ACh and EFS-induced contraction in cystitis as
well as in control bladder and its potentiatory effect in
cystitis was not significantly different than control. The
results obtained from normal rats are consistent with those
previously reported by Palea et al. (1998) who showed that
PGE1 induces contraction of human detrusor muscles. Boie
et al. (1997) have reported that alprostadil’s effect involves the
activation of all PGs receptors of the E-series (EP4 > EP3 >

Fig. 3 Representative tracings showing the effect of cyclophosphamide (CYP, 300 mg/kg) injection on ACh (panel a) or electric field stimulation (EFS,
panel b)-induced contraction of isolated rat detrusor muscles
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EP2 > EP1). It may also have some affinity to IP receptors.
However, Coleman et al. (1994) stated that, in detrusor mus-
cles, EP1 and EP3 receptors are the ones involved in contrac-
tion; therefore, we can suggest that they may be the major
contributors to the observed potentiation of ACh and EFS-
induced contraction induced by alprostadil. It can be conclud-
ed that alprostadil may have a potential clinical importance in
case of bladder hypoactivity.

Unexpectedly, iloprost—PGI2 analogue—also potentiated
detrusor muscle contractions, but to a lesser extent than al-
prostadil. IP receptors in smooth muscles are expected to me-
diate relaxation (Narumiya et al. 1999); however, iloprost is
reported to activate EP1 first followed by IP receptors (Whittle

et al. 2012) which may explain the observed effect. Boie et al.
(1997) reported that iloprost acts as a partial agonist at EP1 and
a full agonist at EP3 receptors in rats. Both receptors are Gq-
coupled, they activate phospholipase C and elevate the intra-
cellular calcium level. In CYP-induced hemorrhagic cystitis,
the potentiatory effect of iloprost, but not that of alprostadil,
on ACh-induced contraction was significantly lowered com-
pared to normal rats. This could be attributed to the fact that
inflammation triggers the production of more PGI2 which
succeed—through IP receptor activation—to counteract the
weak potentiatory effect induced by iloprost rather than the
strong potentiatory effect induced by activating EP1 and EP3
receptors by alprostadil. It is to be mentioned that the

Fig. 4 a Left: effect of alprostadil (10−5 M) and iloprost (10−5 M) on
ACh-induced contraction of isolated detrusor muscles of cyclophospha-
mide (CYP)-injected rats. Right: comparison of potentiation induced by
alprostadil or iloprost on ACh (10−4 M)-induced contraction in control
and CYP-induced cystitis. Responses are expressed as mean ± SEM.*
denotes significant difference from control (p < 0.05). Values between
parentheses indicate the number of animals. b Left: effect of alprostadil

(10−5 M) and iloprost (10−5 M) on EFS-induced contraction of isolated
detrusor muscles of cyclophosphamide (CYP)-injected rats. Right: com-
parison of potentiation induced by alprostadil or iloprost on EFS (4 Hz)-
induced contraction in control and CYP-induced cystitis. Responses are
expressed as mean ± SEM.* denotes significant difference from control
(p < 0.05). Values between parentheses indicate the number of animals

444 Naunyn-Schmiedeberg's Arch Pharmacol (2019) 392:437–450



aa bb

cc

Fig. 5 Comparative effect of SC53122 (10−5 M, panel a), RO1138452
(10−5 M, panel b), and ONO-AE3-237 (10−6 M, panel c) on ACh
(10−4 M, left panel) and electric stimulation (EFS, 4 Hz, right panel)-
induced contraction of isolated detrusor muscle in normal and

cyclophosphamide (CYP)-induced cystitis-injected rats. * denotes signif-
icant difference from control (p < 0.05). Values between parentheses in-
dicate the number of animals

a b a b

dcdc

Fig. 6 Comparative effect induced by indomethacin (50 μM, panel a),
ketoprofen (50 μM, panel b), diclofenac (50 μM, panel c), or DFU
(10−6 M, panel d) on ACh-induced contraction (left) and on electric field
stimulation (EFS)-induced contraction (right) of isolated rat detrusor

muscles in control and cyclophosphamide (CYP)-induced cystitis.
Responses are expressed as mean ± SEM.* denotes significant difference
from control (p < 0.05). Values between parentheses indicate the number
of animals

Naunyn-Schmiedeberg's Arch Pharmacol (2019) 392:437–450 445



reduction in iloprost action was only observed in case of ACh
but not when contraction was induced by EFS: This may be
attributed to the reduction of M2-mediated release of the con-
tractile PGs in urothelium, the major part affected by cystitis
(Giglio et al. 2005; Nile and Gillespie 2012). EFS-induced
contraction, on the other hand, may induce the release of not
only ACh but also other contractile mediators as co-
transmitters such as ATP (Andersson and Arner 2004) which
may mask the alteration in PG actions. Further measurements
of the tested PGs levels and PGs receptors expression in
detrusor muscles in normal and inflammatory condition are
needed to confirm this hypothesis.

Both EP1 antagonist (SC51322) and IP antagonist
(RO1138452) caused a downward shift of both ACh concen-
tration and frequency response curves. IP antagonist was the
most effective in decreasing the contractile effect of ACh and
its effect on ACh-induced contraction was more pronounced
than on EFS-induced contraction. In fact, the effect of IP an-
tagonist can be attributed to muscarinic receptor blockade as
previously shown by Bley et al. (2006). The current study also
showed that the inhibitory effect of EP1 receptor antagonist on
detrusor muscles contractility was not significantly changed in
cystitis compared to control. However, the inhibitory effect of
IP antagonist on ACh but not on EFS-induced contraction was
significantly reduced in cystitis. This may be attributed to the
reduction of M2-mediated release of the contractile PGs in
urothelium as the major part affected by cystitis as a result
of increased NO synthesis (Giglio et al. 2005; Nile and
Gillespie 2012). It is to be mentioned that ethanol (the solvent
used for SC51322) inhibited both cholinergic and EFS-
induced contraction of normal detrusor muscles, possibly via
inhibiting calcium influx through calcium channels and de-
creasing the intracellular calcium level (Ohmura et al. 1997).
This effect—on the other hand—was absent in case of cystitis.
This can be explained by the fact that eNOS, iNOS, and NO
expression is reported to be increased in case of cystitis (Oter
et al. 2004), which may in turn inhibit calcium influx and
mask ethanol’s action.

The current study also showed that, in normal rats, DP1
receptor antagonist (ONO-AE3-237) caused no significant ef-
fect on neither cholinergic nor neuronally mediated contraction
of rat detrusor muscles. This suggests that PGD2 may not be
released under normal physiological conditions. However,
Guan et al. (2015) have reported that exogenous PGD2 has a
relaxant effect on detrusor smooth muscles via activation of
DP1 receptors. In contrast, in CYP-induced cystitis, DP1 recep-
tor antagonist showed significant potentiation of both choliner-
gic and neuronally mediated contraction. Thismay be attributed
to inducing the production of PGD2 in hemorrhagic cystitis or
upregulation of the DP1 receptors which may favor the effect of
the inhibitory PGs resulting in detrusor muscles hypoactivity.
More studies are neededwithmeasurement of PG synthesis and
receptor expression to exactly explain this observation.

Little and controversial data is reported in literature about
the potential negative role of COX inhibitors on normal blad-
der physiology in humans and experimental animals. In the
present work, all the tested non-selective COX inhibitors (in-
domethacin, ketoprofen, and diclofenac) lowered the detrusor
muscle activity. Similarly, indomethacin and other COX in-
hibitors were reported to inhibit the cholinergic-mediated con-
traction of guinea pig detrusor muscles (Rahnama'i et al.
2013) and were found to be effective in reducing bladder
overactivity in experimental animals (Dobrek et al. 2014).
However, Badawi et al. (2008) reported that, in porcine
detrusor muscles, indomethacin did not affect cholinergic ac-
tivity at low concentration. Such discrepancy may be due to
species variation. In the current study, diclofenac—which is
more selective COX-2 inhibitor—was the most effective in
lowering the contractile effect of ACh on rat detrusor muscles
followed by indomethacin then ketoprofen. Previous reports
have revealed that diclofenac may act by other COX-
independent mechanisms (Kothari et al. 1987; Maggi et al.
1991; Papworth et al. 1997; Palea et al. 1998; Ortiz et al.
2003; Selg et al. 2007).

In attempt to explain the inhibitory effect of COX inhibitors
on detrusor, the involvement of muscarinic activity in the ef-
fect of indomethacin was investigated. The current study
showed that, in presence of atropine, the inhibitory effect of
indomethacin on ACh-induced contraction was decreased,
suggesting that indomethacin—as a part of its action—may
interfere with muscarinergic signaling in urothelium. It may
inhibit the synthesis of PGE2—the major contractile PG in
bladder—released from urothelium in response to ACh-
mediated activation of M2 receptors as reported by Nile and
Gillespie (2012), resulting in inhibiting ACh-induced contrac-
tion. So, upon blocking muscarinic receptors, part of the in-
hibitory effect of indomethacin may be lost. Other mecha-
nisms that may contribute to the inhibitory effect of indometh-
acin may include the following: first, inhibition of the synthe-
sis of PGE2 in urotheliummay affect the release of ATPwhich
contributes to detrusor muscles contractility (Nile et al. 2010).
Secondly, Nile and Gillespie (2012) reported that PGE2 may
induce the release of ACh. Therefore, it can be suggested that
inhibition of PGE2 synthesis may be associated with inhibi-
tion of ACh release. Finally, COX inhibitors may increase the
activity of acetylcholinesterase due to inhibition of PGF2α
synthesis (Borda et al. 1982). On ACh in CYP-induced cysti-
tis, the effect of the non-selective COX inhibitors was signif-
icantly reduced compared to normal rats. Moreover, the inhib-
itory effect of indomethacin did not significantly change in
case of muscarinic blockade. These findings may be attributed
to the reduction of M2-mediated release of PGE2 in
urothelium which got seriously affected in cystitis (Giglio
et al. 2005; Nile and Gillespie 2012), meaning that part of
the inhibitory effect of atropine as well as indomethacin may
be lost. Figure 8 summarizes the proposed potential
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mechanisms underlying hypoactivity of detrusor muscle in-
duced by hemorrhagic cystitis in respect to COX, PGs, and
their respective receptors, in comparison to normal bladder.

Concerning the neuronally mediated detrusor muscles con-
tractility, the current study showed that the non-selective COX
inhibitors inhibited EFS-induced contraction in cystitis; how-
ever, the degree of inhibition was significantly increased in
cystitis compared to control, and indomethacin showed the
highest degree of inhibition, indicating that this effect may
be proportional to the increased selectivity on COX-1. This

effect may be attributed to the increased expression of PGE2 in
rat bladder in CYP-induced cystitis compared to control as
reported by Linares-Fernandez and Alfieri (2007), so
preventing its synthesis may cause more inhibition of EFS-
induced contraction in cystitis. This suggestion is further sup-
ported by the previous studies which revealed that neuronal
stimulation of urinary bladder induces the release of different
contractile mediators including ACh, ATP, and contractile
PGs (Andersson and Arner 2004). In cystitis, the effect of
ACh is decreased as a result of increased M5 receptors and

Fig. 7 a Effect of atropine (1 nM) and indomethacin (50 μM) in presence
of atropine (1 nM) on ACh-induced contraction of isolated rat detrusor
muscles in normal (left) and cyclophosphamide (CYP, right)-induced
cystitis. * denotes significant difference from control. # denotes signifi-
cant difference from atropine (p < 0.05). Values between parentheses in-
dicate the number of animals. b Percentage inhibition induced by

indomethacin (50 μM) on ACh-induced contraction of isolated rat
detrusor muscles in absence and presence of atropine (1 nM) in normal
(left) and cyclophosphamide (CYP, right)-induced cystitis. Responses are
expressed as mean ± SEM. + denotes significant difference from indo-
methacin group (p < 0.05). Values between parentheses indicate the num-
ber of animals
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NO expression (Giglio et al. 2005), and the effect of ATP may
be also decreased due to the downregulation of purinergic
receptors (Vesela et al. 2011). Therefore, the neuronal release
of contractile PGs may have the upper hand in the contractile
effect of EFS in cystitis.

On the other hand, regarding the effect of the selective
COX-2 inhibitor, DFU; although it did not affect detrusor
muscles contractility in normal bladder, it significantly
potentiated ACh-induced contraction of detrusor muscles
in cystitis, but with no significant effect on the
neuronally mediated contraction. This is in accordance
with Klinger et al. (2007) who reported that COX-2 iso-
enzyme is not expressed in normal bladder, while in cys-
titis, COX-2 becomes highly expressed and may partici-
pate to the net deterioration appearing in detrusor mus-
cles function, so COX-2 inhibitors may have a beneficial
effect on the muscle activity and could be useful for the
management of such condition as reported by Lecci et al.
(2000). It could be also suggested that, in cystitis, COX-
2 isoenzyme may interact with the cholinergic activity of
detrusor muscles to a greater extent than neuronally me-
diated pathways which involves other contractile media-
tors. In contrast, non-selective COX inhibitors may cause
further deterioration of detrusor muscles contractility in
cystitis. This contradicts the report of Macedo et al.
(2008) who suggested that COX inhibitors could be
added to 2-mercaptoethanesulphonic acid (MESNA) in
order to reduce the degree of inflammation accompanied
with hemorrhagic cystitis and improve bladder function.

Lack of measurements for the expression of the studied
PGs receptors (EP1, IP, and DP1) in detrusor muscle of normal
as well as CYP-injected rats, as well as the measurement of the
effective level of the respective PGs produced in each condi-
tion remain a limitation of the current study and needs future
investigation. Equally, studying the differential effect of the
tested selective and non-selective COX inhibitors on
intravesical pressure by in vivo cystometry in hemorrhagic
cystitis will be needed to confirm the current results.

Conclusions

EP1 receptors seem to play an important role in rat bladder
contractility. Alprostadil seems promising at increasing
detrusor muscle activity in normal conditions and to a lesser
extend in cystitis. Cyclophosphamide-induced cystitis was not
only associated with histopathological damage of urinary
bladder, but also with hypoactivity of detrusor muscle. DP1
receptors may be involved in this pathogenicity, so blocking
these receptors may have a potential therapeutic benefit that
worth further studies.

Non-selective COX inhibitors seem to be unsuitable as
anti-inflammatory agent in patients with cystitis, as they may
reduce detrusor muscle contractility, while the selective COX-
2 inhibitors may be a better option. In normal detrusor mus-
cles, the inhibitory effect of indomethacin on contractility was
less than diclofenac and greater than ketoprofen. In contrast, in
cystitis, indomethacin was shown to be the worst, reflecting

Fig. 8 Schematic representation of the proposed potential mechanisms
involved in the pathophysiology of cyclophosphamide-induced
hemorrhagic cystitis is rats and the possible effect of prostanoids
modulators on the proposed mechanisms. COX = cyclooxygenase

enzyme, DP1 = prostaglandin D2 receptor, EP = prostaglandin E receptor,
M = muscarinic receptor, IP = prostacyclin receptor, NO = nitric oxide.
(+) = mediates contraction, (−) = mediates relaxation of rat detrusor mus-
cle, and (x)= blockade and (x)= blockade
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the potential harmful effect induced by inhibiting COX-1 ac-
tivity in the muscle. Biochemical measurement of PGs pro-
duction, as well as COX and PG receptors expression remains
essential to confirm the results of the current study.
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