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a b s t r a c t

Intravesical instillation of BCG or anticancer agents after transurethral resection is currently considered a
standard of therapy. However, this approach is basically empirical; none of the anticancer agents used in
this setting was specifically formulated for intravesical therapy. Moreover, concern is raised by the kinetic
features of water soluble drugs, because of poor transport across the mucosal barrier, or of liphophylic
compounds, for the increased risks of systemic toxicity. A need exists to improve the pre-clinical and
clinical approaches used at present to test anticancer agents undergoing specific development for intrav-
esical use. We used in vitro rabbit whole bladders as a new pre-clinical model to investigate the kinetics
of locally administered anticancer agents. In this study, we investigated the rate of urothelial transport of
a novel paclitaxel derivative, Oncofid-P®.

Male New Zealand albino rabbits were used. Bladders were rapidly explanted, filled with vehicle
alone or vehicle containing graded concentrations of Oncofid-P, and kept for various times under
standardized incubation conditions. At the end of experiments, drug concentrations were assessed by
high-pressure-liquid-chromatography technique in the intravesical and external bath solutions, as well

as in bladder wall homogenates. We found that less than 1% of the drug additioned to the intravesical
solution is recovered within the bladder wall in the form of paclitaxel; experiments carried out collecting
different areas from the same bladders showed that Oncofid-P is uniformly distributed over the internal
surface of bladder mucosa. Isolated rabbit bladders may be a useful pre-clinical model to investigate
the rate of transport of chemotherapeutic agents administered by intravesical route. In this paradigm,
Oncofid-P displays a kinetic profile that is predictive of local activity over the whole urothelial surface,
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. Introduction

Transurethral resection (TUR) is the routine initial diagnos-
ic and therapeutic step in management of non-muscle invasive
ladder cancer. Recurrence rate following TUR alone occurs on aver-
ge in 45% of patients within 1 year, and progression to muscle
Please cite this article in press as: Tringali G, et al. The in vitro rabbit whole b
agents. The ONCOFID-P® paradigm. Pharmacol Res (2008), doi:10.1016/j.ph

nvasive and/or metastatic bladder cancer are reported as varying
rom 3% to 15% of cases [1]. The probability of disease recurrence
nd progression have led to widespread use of intravesical thera-
ies with cytotoxic and immunotherapeutic agents [1–3]. A recent
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eta-analysis shows that, compared with patients treated by TUR
lone, those receiving adjuvant intravesical mitomycin-C (MMC)
r bacillus Calmette-Guerin (BCG) have a reduced incidence of
umor recurrence, even if the ultimate long term benefits are in
oubt [1].

Notwithstanding the modest outcomes on hard endpoints,
ntravesical therapy became by the time a standard of care. How-
ver, drawbacks exist that must be taken in due account. First, this
pproach has been developed essentially on an empirical basis, and
hould be considered as an off-label use. One important pitfall of
ladder as a model to investigate the urothelial transport of anticancer
rs.2008.09.008

his situation is that none of the anticancer agents currently used for
his purpose has been specifically formulated for intravesical ther-
py; according to the current practice, injectable solutions intended
or parenteral administration are diluted in appropriate volumes of
olvents (normal saline, sterile distilled water) and instilled into the

dx.doi.org/10.1016/j.phrs.2008.09.008
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ladder. Such lack of standardization might have negative reflec-
ions on drug absorption [4].

Second, while water soluble drugs such as MMC face the prob-
em of scarce diffusion through the urothelial barrier [4,5], on the
pposite highly lipophylic compounds are associated to the poten-
ial risk of increased systemic absorption. Therefore, for anticancer
gents that are under development for intravesical use, it is manda-
ory today that adequate pre-clinical and clinical testing are carried
ut before registration, to demonstrate efficacy and safety of local
ntravesical treatments; moreover, special attention should be paid
o the physico-chemical features of the candidate drug.

The rabbit whole bladder in vitro model has been widely used
n the past for functional or pharmacological studies on smooth

uscle contractility [6,7] or urothelial permeability [8], as well as
model of human bladder for morphological investigations [9,10].
his is the first study to our knowledge where isolated rabbit blad-
ers are used to investigate the kinetics of locally administered
nticancer agents. In particular, here we investigated the rate of
rothelial transport of a novel paclitaxel derivative, Oncofid-P®

11], which is currently under development for intravesical use in
atients with non-muscle invasive bladder cancer.

. Materials and methods

.1. Experimental procedure

The use of animals for this experimental work has been
pproved by Italian Ministry of Health (licensed authorization
o Prof. P. Preziosi). Male New Zealand albino rabbits, weighting
pproximately 2.5–3 Kg were used. On the day of experiment, the
nimals were killed with a lethal dose of anaesthetic, 50 mg/kg
entothal sodium by intra-peritoneal route. The urinary bladder,
rethra and ureters were exposed through midline incision and
ubsequently cleared from fat and connective tissue. Both ureters
ere tied and the whole bladder was rapidly removed from the
ase at the level of the ureteral orifices. The urinary bladder was
mptied, washed with Krebs solution and filled with 5% glucose
olution alone (control) or 5% glucose solution containing 7.5 or
5 mg/ml ONCOFID-P (equivalent to 1.5 mg or 3 mg/ml paclitaxel,
espectively). Subsequently, bladders were incubated in 200 ml
rebs bubbled with a 95% O2/5% CO2 mixture, at 37 ◦C in a
ubnoff shaking bath. At the end of experiments, bladders were
mptied, washed and weighted. Intravesical solutions, washing
olutions and external bath solutions were collected and stored
t −80 ◦C until assay for paclitaxel by high-performance liquid
hromatography (HPLC) technique.

In experiments performed to investigate uniform distribution
f the drug over the internal surface, bladders were opened and
attened on a Petri dish plane; thereafter, four different points of
he bladder wall, located at the corners of a virtual square traced
n the surface of bladder surface (conventionally north, south,
ast and west) were selected, tissue fragments were dissected,
omogenated and stored as above described for subsequent HPLC
nalysis.

In order to measure paclitaxel into the tissues, bladders were
nap-frozen and kept at −80 ◦C until homogenization. The latter
as performed in 5% glucose solution using a Teflon glass homog-

nizer (DuPont Co., Wilmington, DE). Supernatants were collected
nd stored at −80 ◦C.
Please cite this article in press as: Tringali G, et al. The in vitro rabbit whole b
agents. The ONCOFID-P® paradigm. Pharmacol Res (2008), doi:10.1016/j.ph

.2. Experimental procedure validation

Preliminary studies were carried out to validate the method and
ptimize the experimental conditions. To this purpose, the follow-
ng series of experiments were conducted:

3

2
t

 PRESS
esearch xxx (2008) xxx–xxx

(i) with different filling volumes of 5% glucosate (10 ml, n = 2 in 1
experimental session; 25 ml, n = 4 in 2 experimental sessions;
50 ml, n = 21 in 5 experimental sessions; 75 ml, n = 6 in 2 exper-
imental sessions; 100 ml, n = 2 in 1 experimental session); from
these experiments, 100 ml resulted to be a supra-maximal fill-
ing volume, because of extravasation of the internal solution,
whereas 50 ml were taken as average bladder capacity;

(ii) with graded ONCOFID-P concentrations (0.5 mg/ml, 5, 15 and
25 mg/ml; n = 2 for all concentrations) at fixed filling volume
(50 ml) and incubation time (1 h);

iii) with graded incubation times (15, 30, 60 or 120 min).

In all of these experiments, the amount of ONCOFID-P recov-
red in the intravesical bath solutions was always included within
7–99% of the initial dose instilled in the bladder.

.3. Analytical method

An HPLC assay was developed to estimate free paclitaxel. Such
ssay did not allow to detect and measure paclitexel bound to
yaluronic acid (HA); therefore, prior to HPLC analysis, samples
ad to be submitted to basic hydrolysis with 0.1 M NaOH at 30 ◦C

or 1 h in order to cleave paclitaxel from binding to HA. Thereafter,
amples of intravesical, washing and external bath solutions were
eutralized with 0.1 M HCl and diluted with a mixture of absolute
tOH/H2O (60/40, v/v). After neutralization, homogenate samples
ere extracted with diethyl ether and the mixture fully evapo-

ated (N2 flow at 30–35 ◦C) and diluted in acetonitrile/H2O (50/50,
/v). The above procedure allows to measure and express the total
mount of paclitaxel in each sample (i.e. the free fraction plus that
ound to HA) as free paclitaxel.

HPLC analysis was performed on a PerkinElmer series 200
nstrument (Shelton, CT), with UV detection at 254 nm. Nova-Pak
18 Waters (15 × 3.9 mm) columns (Milford, MA) were used, and
he eluent was acetonitrile/water (44/56, v/v), with a flow rate of
.0 ml/min.

.4. Chemicals and drugs

ONCOFID-P was kindly provided by Fidia Farmacetici spa (Abano
erme, Italy). Two different batches of ONCOFID-P were used:
S118/04 (degree of esterification equal to 21.77% w/w of the dry
ompound and loss on drying of 3.55%); 05R0001 (degree of esteri-
cation equal to 21.6% w/w of the dry compound and loss on drying
f 6.4%)

ONCOFID-P was dissolved and diluted to working concentra-
ions in 5% glucose solution. All other reagents were obtained from
arlo Erba (Milan, Italy).

.5. Statistical analysis

Experiments were carried in duplicate or in triplicate, accord-
ng to a randomized block design. Data were expressed as

eans ± standard deviation (S.D.) of six or ten replicates for exper-
mental group. Statistical analysis were carried out using one-way
NOVA followed by post-hoc Newman-Keuls test for multiple com-
arison among group means, using a Prism computer program
GraphPad, San Diego, California, USA); differences were taken as
ignificant if P < 0.05.
ladder as a model to investigate the urothelial transport of anticancer
rs.2008.09.008

. Results

After method validation, conducted as described in the Section
, a series of experiments was carried out with fixed incubation
imes (1 h, i.e. the timing usually adopted in clinical practice) and

dx.doi.org/10.1016/j.phrs.2008.09.008
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Fig. 1. Paclitaxel recovered in the intravesical, washing and external bath solutions,
as well as into the bladder tissue. The total dose administered was 75 mg Pacli-
taxel/25 ml. Results are the means ± S.D. of mg of native paclitaxel (left Y-axis) or
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Fig. 2. Paclitaxel recovered in intravesical bath solution (full Bar) and in selected
areas (conventionally North, East, South, West) of the bladder wall (dashed bars).
The empty bar shows the average amount of the four selected parts. The total dose
administered was 75 mg Paclitaxel/25 ml. Results are the means ± S.D. of mg of
native paclitaxel (left Y-axis) or as the percent of the dose (right Y-axis). Two inde-
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s the percent of the dose (right Y-axis). Three independent experiments were con-
ucted (randomized block design); data from the three experiments were pooled to
btain a total of 10 replicates per experimental group. ***: p < 0.001 vs. intravesical
ath solution.

lling volumes (25 ml of 5% glucosate, i.e. a sub-maximal filling
olume, as in the clinical setting), using a Paclitaxel concentra-
ion of 3 mg/ml [corresponding to 342 mg/25 ml of ONCOFID-P
RS118/04) or to 351 mg/25 ml of ONCOFID-P (05R0001), depend-
ng on the different degree of esterification of the two batches].
n these experiments, we carried out simultaneous determinations
f paclitaxel in the intravesical and extra-vesical bath solutions, as
ell as within the bladder wall tissue. Consistent with the data

f preliminary experiments, we found that paclitaxel was almost
ompletely recovered in the intravesical bath solution (98.9% on
verage), whereas 0.68% of the dose was detected within the blad-
er wall and 0.42% in the external bath solution (Fig. 1). Similar
esults were obtained with paclitaxel given at the dose of 1 mg/ml
data not shown)

Further experiments were performed to investigate whether
aclitaxel is uniformly distributed throughout the internal bladder
urface. Similar to previous experiments, tiny amounts of paclitaxel
ere recovered within the bladder wall (approximately 0.2%). No

ignificant differences in paclitaxel levels were observed among
he four different areas of bladder wall, indicating that the drug
s uniformly distributed within the tissue (Fig. 2).

. Discussion

In this study we used isolated rabbit bladders to investigate
he rate of transport of Oncofid-P across the urothelium. The main
ndings of the study are the following: (i) less than 1% of the admin-

stered drug is recovered within the bladder wall in the form of
aclitaxel; (ii) experiments carried out collecting different areas
rom the same bladders show that Oncofid-P is uniformly dis-
ributed in the bladder mucosa. It is clear from our findings that
he esterification of paclitaxel with HA makes the pharmacokinet-
cs of the complex similar to those of other more hydrophilic drugs,
uch as MMC and doxorubicin, which display a rate of absorp-
ion <5% of the concentration in urine [12]. Esterification with HA
lso appeared to sort out another problem of native paclitaxel, i.e.
recipitation into micelles. Thus, Oncofid-P possesses interesting
otential advantages over paclitaxel.
Please cite this article in press as: Tringali G, et al. The in vitro rabbit whole b
agents. The ONCOFID-P® paradigm. Pharmacol Res (2008), doi:10.1016/j.ph

The latter has been envisioned as a better alternative to MMC
n treating non-muscle invasive bladder cancers, since its higher
ipo-solubility should facilitate penetration across the urothelium
nd accumulation within the bladder wall [12]. On these basis,
number of pre-clinical in vitro and in vivo studies were car-

l
O
e
a
t

endent experiments were conducted (randomized block design); data from the
wo experiments were pooled to obtain a total of six replicates per experimental
roup. ***: p < 0.001 vs. the average of N, E, S and W.

ied out, and paclitaxel was found effective as an anti-proliferative
gent in different paradigms, suggesting its potential usefulness
n the clinical setting [13–15]. However, standard paclitaxel for-

ulations are currently prepared in Cremophor, a mixture of
astor oil and ethanol, to be diluted in water solutions before
dministration; Cremophor in urine tends to form micelles which
ntrap paclitaxel, thereby greatly reducing the potential advan-
ages brought about by paclitaxel lipo-solubility [16,17]. In order
o overcome this problem, different formulations of paclitaxel
ave been developed and investigated, including the addition
f dimethyl sulfoxide, the inclusion of paclitaxel in bio-adhesive
olymer micro-spheres or in gelatine nanoparticles, and the use
f drug delivery systems with glycerol monooleate [17–20]. All
hese efforts testify a huge and diffuse interest in developing
uitable formulations for effective intravesical delivery of pacli-
axel.

Oncofid-P, formerly referred to as Hytad1-p20, is a new
ydro-soluble formulation of paclitaxel, obtained through bio-
onjugation with HA [11]. Such esterification process gives rise to a
ort of pro-drug formulation, which releases free paclitaxel after
odily hydrolysis of the ester. Apart from higher water solubil-

ty, the HA component of the molecule binds with high affinity
o membrane CD44, which is over expressed in several tumor
ypes, including bladder cancer; CD44 binding should potentially
ncrease Oncofid-P concentrations within the target tumor tis-
ues.

Apart from binding to tumor cells, the questions arises as to
hether Oncofid-P binding to CD44 also plays a role in the passage

cross urothelium; indeed, adhesion to CD44 on the superficial cell
ayer may represent the first step of the absorption process. CD44
as reported to be expressed and produced in the basal layers of
ormal human urothelium, but expression is lost as epithelial cells
rogress from the basal to the superficial layer [21]. The same pat-
ern of CD44 expression has been described in rabbit bladder [22];
n both studies, the standard CD44 isoform (CD44 s) was investi-
ated. Thus, the scarce, if any, expression of CD44 s at the superficial
ayers of rabbit urothelium might account for the low amounts of
ladder as a model to investigate the urothelial transport of anticancer
rs.2008.09.008

ncofid-P uptaken by the mucosa in the present study. As also
xplained in other paragraphs, this phenomenon turns out to be
potential advantage in the therapeutic setting, since it maintains

he drug confined at the site of action in the bladder lumen, while

dx.doi.org/10.1016/j.phrs.2008.09.008
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n the same time reducing the risks of toxicity related to systemic
bsorption.

CD44 gene structure, with 10 constant and 10 variable exons,
ccounts for more than 20 isoforms, with molecular weights rang-
ng from 85 to 230 kDa. A CD44 isoform containing the last three
xon products of the variable region, also known as epithelial CD44
r CD44e, is preferentially expressed on epithelial cells [23]. The
xpression and production of epithelial CD44 in the rabbit urothe-
ium has not been investigated. Many cancer cell types, including
ladder cancer, may express CD44 variants [23]. A few studies have
een conducted thus far to address the issue of HA binding to CD44
ariants; at least in the case of human peripheral blood T cells, HA
isplays a higher binding affinity toward splice variants compared
o the standard form [24].

The rabbit whole bladder in vitro model has been used here for
he first time to investigate kinetic parameters of an anticancer
gent given by the intravesical route. Such novel usage deserves
pecific discussion. This paradigm shares with other in vitro models
he advantage of excluding the influence of confounds such as blood
nd urine flow, which increase variability of the in vivo models
25,26]. On the other side, while allowing a more accurate exper-
mental assessment, all of the techniques that exclude blood and
rine flow in some way increase their distance from the clinical set-
ing. Another advantage of using rabbit bladders lies on less techni-
al (availability of samples, transport of bladder tissue) and perhaps
thical problems with respect to the use of dogs, pigs or else human
ladders from surgical specimens. Moreover, the use of whole blad-
ers instead of fragments however large, allows a better assessment
f drug diffusion over the whole surface of bladder mucosa.

As far as the present study is concerned, two technical points
eed to be addressed. First, the analytical method adopted in this
tudy allows to measure native paclitaxel, but not the complex
aclitaxel-HA; therefore, the complex requires to be hydrolysed
efore analysis, as described in the Methods section. Because of
his limitation, we could not address the question as to whether
aclitaxel recovered within the bladder wall was in the form of
ster, or it was hydrolysed by tissue esterases, or both. Likewise,
e could not ascertain whether Oncofid-P undergoes hydrolysis
efore being absorbed. However, we have previously demonstrated
hat Oncofid-P is stable in human urines at pH 6.5 throughout 6 h of
ncubation at 37 ◦C [11]; therefore, it is likely that Oncofid-P remains
table in our paradigm throughout the duration of 1 h experiments,
nd therefore it is absorbed as such. This hypothesis is consistent
ith the low rate of delivery observed here, which is suggestive of
relatively high hydro-solubility.

Second, levels of paclitaxel in the same order of magnitude of
hat found within the bladder wall were detected in the external
ath solution. Based on this finding, one might hypothesize that
he drug may undergo a passage through the entire thickness of the
ladder wall. While this hypothesis cannot be ruled out, it is in sharp
ontrast with the low rate of absorption from the intravesical bath
olution to the bladder wall. An alternative, more reasonable, expla-
ation would be that tiny amounts of drug spill over from the sites
f bladder ligature (urethra and ureters) during the experiments,
ecause of intravesical pressure and shaking bath movements.
ontamination of the external bladder surface caused by the
anipulations preceding the incubation step may also play a role.
In conclusion, isolated rabbit bladders proved to be a useful
Please cite this article in press as: Tringali G, et al. The in vitro rabbit whole b
agents. The ONCOFID-P® paradigm. Pharmacol Res (2008), doi:10.1016/j.ph

re-clinical model to investigate the rate of transport of chemother-
peutic agents administered by intravesical route. In this paradigm,
ncofid-P displays a kinetic profile that is predictive of local activ-

ty over the whole urothelial surface, and low or absent systemic
bsorption.
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