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bstract

As a result of their improved aqueous solubility, the development of phosphate ester prodrugs is an interesting approach to increase intestinal
bsorption of poorly water-soluble drugs. Absorption of a drug from its phosphate ester prodrug is based on intestinal dephosphorylation of
he prodrug which may result in intraluminal supersaturation of the parent drug, followed by an increased absorptive flux across the intestinal

ucosa. In this study, we evaluated the behavior of fosamprenavir, a phosphate ester prodrug of amprenavir, in the Caco-2 system and in aspirated
uman intestinal fluids (HIF), both showing phosphatase activity. Starting from a solution of fosamprenavir in HIF, a supersaturated solution
f amprenavir was generated and maintained during a time period sufficient for absorption. Moreover, supersaturation of amprenavir resulted
n an enhanced flux across Caco-2 monolayers. To our knowledge, this is the first illustration of supersaturation in real intestinal media. Next,

e showed an inhibitory effect of inorganic phosphate on the dephosphorylation of fosamprenavir, both in the Caco-2 model and in HIF. As a

onsequence, phosphate-buffered media, including fasted state simulated intestinal fluid (FaSSIF), are incompatible with the study of phosphate
ster prodrugs and should be replaced with media containing a biorelevant phosphate concentration (0.4–1 mM) and another buffering compound
uch as 2-morpholinoethanesulfonic acid (MES).
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. Introduction

As an alternative to formulation-related approaches, syn-
hesis of water-soluble prodrugs is one of the strategies to
ncrease the intestinal absorption of poorly water-soluble drugs
Fleisher et al., 1996). As a result of their relatively straight-
orward synthesis, inherent chemical stability and potentially
mproved dissolution/solubility characteristics, phosphate esters

ay be interesting oral prodrugs of poorly soluble drugs, espe-
ially for moderate to high permeability compounds (Heimbach
t al., 2003a). Commercialized examples include estramus-

ine phosphate, prednisolone phosphate, fludarabine phosphate,
nd fosamprenavir. Fosamprenavir is a phosphate ester prodrug
f the poorly water-soluble HIV protease inhibitor ampre-

∗ Corresponding author. Tel.: +32 16 330301; fax: +32 16 330305.
E-mail address: patrick.augustijns@pharm.kuleuven.be (P. Augustijns).

a
a
s
n
2

i

378-5173/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2006.12.011
co-2; Human intestinal fluid; Intraluminal supersaturation

avir (0.036 mg/ml at pH 7 (Yu et al., 1999)). The calcium
alt of fosamprenavir has been commercialized as Telzir®

Lexiva®), which should replace the standard amprenavir for-
ulation (Agenerase®). With the Agenerase formulation, the

ntraluminal concentration of amprenavir is increased by the
olubilizing excipient d-�-tocopheryl polyethyleneglycol 1000
uccinate (TPGS) (Yu et al., 1999; Brouwers et al., 2006). Due to
igh amounts of TPGS required, this formulation suffers from
high pill burden (8 capsules of 150 mg as a standard dose).
n the contrary, because of the improved solubility of fosam-
renavir (pH-dependent: from 0.3 mg/ml at pH 7 to 54 mg/ml
t pH 3.3) (Furfine et al., 2004), only two tablets (equiv-
lent to 2 × 700 mg amprenavir) of the prodrug formulation
uffice to obtain similar plasma concentrations of ampre-

avir (Falcoz et al., 2002; Chapman et al., 2004; Wire et al.,
006).

As transepithelial transport of phosphate ester prodrugs is
n general very limited, formation of the parent drug before

mailto:patrick.augustijns@pharm.kuleuven.be
dx.doi.org/10.1016/j.ijpharm.2006.12.011
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r during intestinal uptake is a prerequisite for absorption.
ephosphorylation of an orally administered phosphate ester
rodrug to its parent drug is mediated by intestinal alkaline
hosphatase (EC 3.1.3.1), present in the intestinal lumen and
n the apical membrane of enterocytes. The activity of alka-
ine phosphatase can be affected by various components (e.g.
mino acids, metal ions and inorganic phosphate) (Fernley and
alker, 1967; Komoda et al., 1982; Tardivel et al., 1992). Alka-

ine phosphatase activity in the intestine will therefore depend
n intraluminal conditions, especially considering the complex
nd variable (intra- and inter-subject) composition of intestinal
uids. This dependency potentially affects the intestinal absorp-

ion of drugs administered as a phosphate ester prodrug. For
nstance, inorganic phosphate, a reaction product of dephos-
horylation, has been recognized as a competitive inhibitor of
lkaline phosphatase (Fernley and Walker, 1967). The physio-
ogical impact of this inhibition on phosphatase activity in serum
as been investigated (Coburn et al., 1998). However, the poten-
ial impact of the modulatory effect of inorganic phosphate on
ntestinal phosphatase activity, and thus on drug absorption, has,
o the best of our knowledge, not been explored yet.

If fast intraluminal dephosphorylation occurs, the higher
olubility of a phosphate ester prodrug may result in parent drug
oncentrations at the intestinal mucosa that exceed the satura-
ion solubility (supersaturation), possibly creating an enhanced
bsorptive flux. Whether or not a phosphate ester prodrug really
ncreases the absorption of its parent drug will partly depend on
he time window during which this intraluminal supersaturation
s maintained in relation to the permeability of the parent drug
Heimbach et al., 2003b). Despite its importance, studies on
upersaturation in relevant intraluminal conditions are rather
imited. Kostewicz et al. (2004) investigated supersaturation
nd precipitation of weak bases upon entry into the small
ntestine in simulated intestinal fluids, but to our knowledge,
upersaturation has not been studied yet in real intestinal media.

In the present study, we characterized the behavior of the
hosphate ester prodrug fosamprenavir applied in the Caco-2
odel system and in aspirated human intestinal fluids (HIF).
uman Caco-2 monolayers express intestinal alkaline phos-
hatase at their apical membrane and have previously been used
o study the absorption of phosphate ester prodrugs (Heimbach
t al., 2003a,b). The use of intestinal fluids allowed to explore
he influence of real intraluminal conditions on the stability of
osamprenavir. For reasons mentioned above, particular atten-
ion was paid to (1) the potential for maintained supersaturation
n intraluminal conditions and the resulting effects on trans-
pithelial transport, (2) the impact of modulation of phosphatase
ctivity by physiological inorganic phosphate concentrations
nd (3) the use of biorelevant conditions in intestinal absorption
tudies.

. Materials and methods
.1. Materials

Amprenavir and fosamprenavir calcium were kindly pro-
ided by GlaxoSmithKline (Middlesex, UK). Stock solutions

a
T
a
t
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ere prepared in DMSO and diluted at least 100× before
se in experiments. Acetonitrile and methanol were purchased
rom Fisher Scientific (Leicestershire, UK). BDH Laboratory
upplies (Poole, UK) provided NaH2PO4, KH2PO4, NaOH
nd NaCl. Ammonium molybdate tetrahydrate, sodium tauro-
holate, glucose and 2-morpholinoethanesulfonic acid (MES)
ere obtained from Sigma–Aldrich (St. Louis, MO, USA).
scorbic acid was obtained from Certa (Brain-l’Alleud, Bel-
ium) and Phospholipon 90G (lecithin) from Nattermann
hospholipid Gmbh (Köln, Germany). UCB (Leuven, Belgium)
upplied sodium fluorescein. Hanks’ Balanced Salt Solution
HBSS), HEPES and all chemicals for cell culture were pur-
hased from Cambrex Biosciences (Walkersville, MD, USA).
ater was purified with a Maxima system (Elga Ltd., High
ycombe Bucks, UK).
Transport medium consisted of HBSS, supplemented with

lucose (final concentration 25 mM) and buffered with MES
10 mM) or HEPES (10 mM), before adjusting the pH (MES:
H 5.0–6.5; HEPES: pH 7.0–8.0). Fasted State Simulated
ntestinal Fluid (FaSSIF) contained 3 mM sodium taurocholate
nd 0.75 mM lecithin in phosphate-buffer (NaH2PO4 28.7 mM,
aCl 100 mM, pH 6.5).

.2. Caco-2 experiments

Caco-2 cells were purchased from Cambrex Biosciences
Walkersville, MD, USA) and grown in 75 cm2 culture flasks
Nunc, Roskilde, Denmark) at 37 ◦C in an atmosphere of 5%
O2 and 90% relative humidity. Cell culture medium con-

isted of Dulbecco’s Modified Eagle Medium supplemented
ith 100 IU/ml penicillin–100 �g/ml streptomycin, 1% non-

ssential amino acids solution and 10% fetal bovine serum. Cells
ere passaged every 3–4 days (at 70–80% confluence) at a split

atio of 1–7.
For stability and transport experiments, cells with pas-

age number between 40 and 60 were plated at a density of
0,000 cells/cm2 on Costar® Transwell membrane inserts (3 �m
ore diameter, 12 mm diameter; Corning Inc., NY, USA). Con-
uence was reached within 3–4 days after seeding and the
onolayers were used for experiments 17–18 days post-seeding.
olumes amounted to 0.5 ml at the apical side of the mono-

ayer and 1.5 ml at the basolateral side. On the day of the
xperiment, cells were rinsed and pre-incubated (30 min) with
ransport medium, after which the transepithelial electrical resis-
ance (TEER) was measured with an EndOhm Voltohmmeter
WPI, Aston, England), as a control of monolayer integrity. Only
onolayers with initial TEER values higher than 200 � cm2

ere used. The experiment was initiated by adding the incuba-
ion medium, containing fosamprenavir or amprenavir, to the
onor compartment. While the pH in the basolateral compart-
ent always amounted to 7.4, the apical pH was set at 6.5, unless

pecified otherwise. Samples were taken from the donor and
cceptor compartment in function of time during 60 min and

nalyzed for both fosamprenavir and amprenavir. After 60 min,
EER was measured again. All results presented in this study
re derived from experiments in which the TEER at the end of
he incubation (1 h) was higher than 80% of the initial TEER
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alue. Finally, the absorptive flux of the hydrophilic marker
odium fluorescein (1 mg/ml) was measured as an additional
ontrol of monolayer integrity. The amount of sodium fluores-
ein appearing in the basolateral compartment was measured by
V spectrophotometry (Beckman Coulter DU 800, Fullerton,
A) at 490 nm.

.3. Sampling of HIF

HIF was aspirated from three healthy volunteers (one man,
wo women; aged between 20 and 30 years), who were in the
asted state for at least 12 h. The procedure followed the tenets of
he Declaration of Helsinki and was approved by the Committee
f Medical Ethics of the University Hospitals Leuven, Belgium
ML3101). All volunteers provided written informed consent to
articipate in this study.

One double-lumen polyvinyl catheter [Salem Sump Tube
4 Ch (external diameter 4.7 mm), Sherwood Medical, Petit
echain, Belgium] was introduced via the mouth and posi-

ioned into the duodenum (D2/D3). The position of the tube
as checked by means of fluoroscopy. HIF was aspirated in

unction of time during 2–3 h (approximately 4–10 ml during
ach period of 15 min). HIF samples were collected on ice
nd centrifuged at 4000 g and 4 ◦C for 20 min. After mea-
uring the pH (Hamilton Slimtrode, Bonaduz, Switzerland),
he supernatant was stored at −30 ◦C. In all HIF samples,
he inorganic phosphate concentration was assessed; for the
xperiments with fosamprenavir, HIF samples were pooled per
ubject.

.4. Analysis of inorganic phosphate in HIF

The determination of inorganic phosphate concentrations in
IF was based on the formation of a blue phosphate–molybdate

omplex. HIF sample (100 �l) was diluted in 900 �l HCl
M and centrifuged for 5 min at 14,000 × g. After addi-

ion of 150 �l of the supernatant to 1 ml of HCl 1 M, the
omplex-forming reaction was initiated by adding 150 �l ammo-
iummolybdate solution (2.5% in water) and 150 �l ascorbic
cid solution (4% in water). After 90 min at room temperature,
he absorbance was measured at 820 nm. The calibration curve,

ade with KH2PO4 in water, was linear over the concentration
ange of 0.2–10 mM. The assessment of intraday repeatabil-
ty resulted in a relative standard deviation (n = 5) of 5.3% at
.3 mM and 1.1% at 9.0 mM. Deviations from the theoreti-
al concentration amounted to +7.5% at 0.3 mM and +1.8% at
.0 mM.

.5. Stability of fosamprenavir in HIF

In order to assess the conversion of fosamprenavir to ampre-
avir in HIF, the prodrug (concentration as specified) was
ncubated at 37 ◦C in aspirated HIF. In function of time, samples

f the incubation mixture were diluted 20–100 times (depending
n the initial concentration) in an icecold solution of KH2PO4
25 mM, pH 6.5) and methanol (40:60, v/v), thereby arresting
he conversion. When the initial fosamprenavir concentration

p
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A
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as above 100 �M, samples of the incubation mixture were
rst filtered through Chromafil GF/PET-45/25 filters (pore size
.45 �m; Machery-Nagel, Düren, Germany) before dilution, in
rder to remove any possible precipitate of amprenavir. Neither
mprenavir nor fosamprenavir did adsorb to the filter material
sed (data not shown). After centrifugation of the diluted solu-
ion (5 min at 14,000 × g), 50 �l of the supernatant was injected
n the HPLC system (see below).

.6. Determination of amprenavir solubility in HIF

The solubility of amprenavir in aspirated HIF was determined
y mixing an excess of amprenavir powder in 2 ml of HIF on
3D Rocking Platform STR9 (Stuart Scientific, Staffordshire,
K) at 37 ◦C. After 24 h, samples were filtered using Chromafil
F/PET-45/25 filters. A volume of 10 �l was then diluted in
ml of a mixture of KH2PO4 (25 mM, pH 6.5) and methanol

40:60, v/v). After centrifugation (5 min at 14,000 × g), 50 �l
f the supernatant was injected in the HPLC system (see
elow).

.7. HPLC analysis of fosamprenavir and amprenavir

After sample preparation as described above, fosamprenavir
nd amprenavir concentrations were measured by reversed-
hase HPLC and fluorescence detection. A volume of 50 �l was
njected into a Waters HPLC system consisting of a 600E con-
roller and pump, a 717plus autosampler and a Novapak C-18
olumn (Waters, Milford, MA). Fluorescence signals (excitation
68 nm, emission 347 nm) were detected on a Jasco FP-1520 flu-
rescence detector (Tokyo, Japan). The column was equilibrated
ith a mobile phase consisting of 25 mM KH2PO4-buffer (pH
.5) and methanol (70:30, v/v). After injection, the concentration
f methanol was increased up to 60% over 1 min. Retention times
f fosamprenavir and amprenavir amounted to 7.9 and 11.5 min,
espectively. After elution, the column was flushed with acetoni-
rile:water (80:20, v/v) during 3 min and re-equilibrated with

obile phase during 4 min. The flow was maintained at a rate
f 1.3 ml/min.

Calibration curves of fosamprenavir and amprenavir were
inear over the concentration range of 0.008–3 �M. Samples
ere all diluted to fit in this range. Precision and accuracy
ere assessed by analyzing standard samples (n = 5) at 0.008,
.08, 0.8 and 3 �M. The determination of the intraday repeata-
ility resulted in relative standard deviations below 5.6% at
ll concentrations, both for fosamprenavir and amprenavir.
he relative error remained below ±2.5% for fosampre-
avir (except for −9.2% at 0.008 �M) and below ±5.0% for
mprenavir.

.8. Data presentation and statistical analysis
All data are presented as mean ± S.D. Data sets were com-
ared using an ANOVA test combined with Dunnett’s multiple
omparison. Differences were considered significant at p < 0.05.
ll tests were conducted in triplicate.
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Fig. 1. Conversion of fosamprenavir to amprenavir in the Caco-2 system in
function of apical pH. Fosamprenavir (10 �M) was incubated for 60 min in
transport medium at the apical side of the monolayers. The amount of ampre-
navir found in the donor (dark grey) and acceptor compartment (light gray) is
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Fig. 2. Conversion of fosamprenavir to amprenavir in function of time in aspi-
rated HIF from three subjects: A (�), B (©) and C (�). The amount of
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= 3).

. Results and discussion

.1. Fosamprenavir in the Caco-2 system

In a first set of experiments, the behavior of fosamprenavir
as evaluated in the Caco-2 system. The stability of fosampre-
avir in transport medium at 37 ◦C was confirmed in advance
data not shown). Upon incubation in the apical compartment
f the Caco-2 system (60 min in transport medium pH 6.5),
osamprenavir was converted to amprenavir in a concentration-
ependent way: 42 ± 4% at 10 �M, 33 ± 3% at 100 �M and
± 1% at 1000 �M. The conversion increased with increas-

ng apical pH, as illustrated in Fig. 1. While no intact prodrug
ould be detected in the basolateral compartment, a fraction of
he total amount of amprenavir formed (about 8% at all pH
alues) was transported across the monolayer. When fosam-
renavir was applied to the basolateral compartment, less than
% was dephosphorylated to amprenavir and transport of nei-
her amprenavir nor fosamprenavir to the apical compartment
ould be observed. These results are consistent with the necessity
f prodrug degradation to parent drug by alkaline phosphatase
resent at the apical membrane of Caco-2 cells, prior to transep-
thelial transport. In vivo, transepithelial transport of intact
osamprenavir might be higher, as the paracellular route is more
ermeable in vivo compared to the Caco-2 model (Tavelin et al.,
003).

As amprenavir is a substrate for the efflux carrier P-
lycoprotein (P-gp) (Yu et al., 1999; Brouwers et al., 2006) and
nhibitors of P-gp (e.g. verapamil) have been reported to modu-
ate hepatic alkaline phosphatase activity (Calhau et al., 2000),
e co-incubated fosamprenavir with verapamil (100 �M) in the
aco-2 system. In the presence of verapamil, the total amount of
mprenavir formed was not affected (44 ± 2% versus 42 ± 4%);
owever, the fraction transported increased from 10.1 ± 0.4

o 24 ± 1%. This indicates that verapamil only increases the
ermeability for amprenavir by inhibiting the P-gp function-
lity; it does not affect the intestinal dephosphorylation of
osamprenavir.

o
f
t
H

mprenavir is expressed as percentage of the initial amount of fosamprenavir
mean ± S.D., n = 3).

.2. Fosamprenavir in HIF

HIF from three subjects (fasted state) was used for stability
tudies of fosamprenavir. The pH of the HIF samples from sub-
ects A, B and C amounted to 6.8, 6.1 and 6.3, respectively. Upon
ncubation at 37 ◦C, fosamprenavir (10 �M) was converted to
mprenavir (Fig. 2). This indicates the presence of phosphatase
n HIF, originating from either pancreatic secretions or release
y enterocytes. Therefore, HIF can be used as a physiologically
elevant medium to study the degradation of phosphate ester
rodrugs. As expected, the conversion rate varied significantly
n HIF collected from different volunteers, probably as a result
f variations in enzyme concentration and intraluminal condi-
ions that may affect phosphatase activity (e.g. pH and inorganic
hosphate concentration).

A comparison of the expression levels of different enzymes
nd transporters revealed a higher expression level of alkaline
hosphatase in human duodenum compared to Caco-2 cells
Sun et al., 2002). Therefore, the conversion rate of phosphate
ster prodrugs in vivo presumably exceeds the conversion rate
bserved in the in vitro models used in this study, which should
e taken into account in the interpretation of the results.

.3. Supersaturation of amprenavir

As mentioned in the introduction, the extent and duration
f intraluminal supersaturation is important as it may result in
n enhanced flux of the compound of interest; however, intra-
uminal supersaturation is a rather unexplored research area.
he higher solubility of fosamprenavir compared to amprenavir,
ombined with intestinal phosphatase activity, may create local
upersaturation of amprenavir. To confirm this, we determined
he saturation solubility of amprenavir in HIF and compared
his with the amprenavir concentration generated from a high
mount of fosamprenavir in HIF. Due to the limited availability

f aspirated HIF, these experiments were only performed in HIF
rom subject C (pH 6.3). No shift in pH was observed during
he experiments. The equilibrium solubility of amprenavir in
IF, determined at 37 ◦C, amounted to 160.1 ± 0.5 �M, which
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Fig. 3. Concentration of amprenavir (mean ± S.D., n = 3) in HIF in function
of time upon incubation with fosamprenavir (500 �M) at 37 ◦C. Samples were
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ltered before analysis. After 60 min, the amprenavir concentration significantly
p < 0.05) exceeds the equilibrium solubility of amprenavir in HIF at 37 ◦C,
epresented by the dashed line.

s slightly higher than the solubility of amprenavir in transport
edium (MES-buffered HBSS) at pH 6.3 (145 ± 3 �M). Start-

ng from a solution of 500 �M of fosamprenavir in HIF, the
mprenavir concentration was measured after filtration and is
eported in Fig. 3. A concentration near 400 �M was reached
n about 90 min, clearly exceeding the equilibrium solubility of
mprenavir. Moreover, the amprenavir concentration remained
t the same level for at least 7 h and no precipitation of ampre-
avir could be observed. This suggests the potential to create and
aintain supersaturated intraluminal conditions for amprenavir

uring a time window sufficient for intestinal absorption.
Subsequently, the impact of supersaturation on the intesti-

al flux of amprenavir was investigated in the Caco-2 system.
or this purpose, low (10 �M) and high (1 mM) amounts of fos-
mprenavir or amprenavir were dissolved or suspended in HIF
nd applied at the apical side of Caco-2 monolayers. As the use
f HIF as apical medium can compromise monolayer integrity,

ransport was limited to 60 min. The cumulative amount of
mprenavir detected in the receiver compartment in function of
ime is shown in Fig. 4. At a concentration at which both fosam-
renavir and amprenavir completely dissolve in HIF (10 �M),

p
g
o
s

ig. 4. (A and B) Amprenavir transport across Caco-2 monolayers in function of tim
rom subject C. The initial conditions are indicated on the graph. The supersaturated
t 37 ◦C prior to the Caco-2 study. Results are expressed as the cumulative amount o
Significantly different from transport from the amprenavir solution/suspension at th
Pharmaceutics 336 (2007) 302–309

he extent of transport is significantly lower when using fosam-
renavir compared to amprenavir (Fig. 4A). This is due to the
ecessity of dephosphorylation of fosamprenavir before transep-
thelial transport; indeed, the amprenavir flux (based on the
lope of the curve) increases in function of time. As dephos-
horylation is expected to occur faster in vivo (see above), this
ifference may be clinically irrelevant. At a concentration of
mM (Fig. 4B), fosamprenavir completely dissolves in HIF,
hile amprenavir forms a suspension (concentration in solu-

ion: 150 �M). Upon 60 min incubation of these donor media in
he Caco-2 system, transport from the fosamprenavir solution
s slightly higher than from the amprenavir suspension, despite
he initial need for dephosphorylation to generate a supersat-
rated solution of amprenavir. When a supersaturated solution
f amprenavir (742 �M), generated in advance by incubation
f fosamprenavir (1 mM) in HIF at 37 ◦C, was applied in the
aco-2 model, amprenavir transport clearly exceeded transport

tarting from the amprenavir suspension. In addition to enhanced
assive diffusion due to an increased donor concentration, satu-
ation of the efflux carrier P-gp may partly explain the increased
ux from a supersaturated solution of amprenavir. However, the
ffect of P-gp on amprenavir transport is significantly decreased
n the presence of HIF (Brouwers et al., 2006).

These results, obtained in real intestinal media, illustrate that
ntestinal dephosphorylation of fosamprenavir may result in a
upersaturated solution of amprenavir, which in turn can lead to
n increased flux across the intestinal mucosa.

.4. Inhibition by inorganic phosphate

An essential step for intestinal absorption after administra-
ion of a phosphate ester prodrug is the dephosphorylation of
he prodrug to its parent drug by intestinal alkaline phosphatase.
norganic phosphate is a competitive inhibitor of alkaline phos-
hatase, but the impact of this inhibition on the intestinal

rocessing of phosphate ester prodrugs has never been investi-
ated. Therefore, we evaluated the effect of inorganic phosphate
n conversion of fosamprenavir to amprenavir in the Caco-2
ystem and in HIF.

e starting from different apical conditions. All apical media were made in HIF
amprenavir solution was generated by incubating fosamprenavir 1 mM in HIF
f amprenavir transported to the basolateral compartment (mean ± S.D., n = 3).
e corresponding time point (p < 0.05).
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Fig. 5. The cumulative amount of amprenavir (in the donor and acceptor com-
partment) formed in the Caco-2 system upon apical incubation for 60 min with
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Fig. 7. The concentration of inorganic phosphate in HIF aspirates sampled from
three subjects at different time points (sampling period: 2–3 h). The mean con-
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osamprenavir (10 �M) in function of the inorganic phosphate concentration in
he apical medium. Results are expressed as percentage of the initial amount of
osamprenavir (mean ± S.D., n = 3).

First, we studied the effect of an increasing inorganic phos-
hate concentration in the apical medium on the conversion of
osamprenavir (10 �M) in the Caco-2 model. For this purpose,
ransport medium was prepared without inorganic phosphate,
hereupon different amounts of a stock solution of KH2PO4
ere added, resulting in a final apical phosphate concentration

rom 0 to 20 mM. As depicted in Fig. 5, an increasing inorganic
hosphate concentration resulted in a decreased conversion of
osamprenavir to amprenavir, confirming the inhibitory effect
f inorganic phosphate on alkaline phosphatase. The permeabil-
ty for amprenavir was not significantly affected by inorganic
hosphate (data not shown). To evaluate the inhibitory effect
f inorganic phosphate in real intraluminal conditions and at
igher fosamprenavir concentrations, 500 �M of fosamprenavir
as incubated in an HIF sample to which different amounts
f a KH2PO4-stock solution were added, resulting in a final
hosphate concentration of 0.4, 1.2 and 4.0 mM. Similar to the

aco-2 results, the conversion rate of fosamprenavir in HIF
ecreased with an increasing concentration of inorganic phos-
hate (Fig. 6).

ig. 6. Conversion of fosamprenavir (initial concentration 500 �M) to ampre-
avir in HIF containing different concentrations of inorganic phosphate.
ifferent amounts of KH2PO4 were added to a pooled HIF-sample of subject C,

esulting in a final inorganic phosphate concentration of 0.4 mM (�), 1.2 mM
©) and 4.0 mM (�). The amount of amprenavir is expressed as the percentage
f the initial fosamprenavir amount (mean ± S.D., n = 3).
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entration is indicated for each subject by means of a full line. The dashed
ines indicate the inorganic phosphate concentration in MES-buffered transport

edium (TM) and in FaSSIF.

These results suggest the importance of the intraluminal
norganic phosphate concentration for the intestinal stability of
hosphate ester prodrugs. Therefore, we determined the inor-
anic phosphate concentration in different HIF aspirates from
hree volunteers in the fasted state, sampled during a period
f 2–3 h. Results are reported in Fig. 7. Taking into account
he relatively low levels of inorganic phosphate (<1.6 mM) and
he limited variability, the physiological impact of the inhibitory
ffect of inorganic phosphate on alkaline phosphatase will prob-
bly be restricted in the fasted state.

.5. Biorelevant media

In recent years, the use of biorelevant media during the
ssessment of preclinical absorption data for drugs (solubility,
issolution, stability, permeability) is receiving growing atten-
ion. The composition of these media is based on real intestinal
onditions (e.g. the presence of bile salts and phospholipids) and
heir use should increase the biorelevance of absorption studies,
specially with respect to poorly water-soluble drugs. As the
arent drug of a phosphate ester prodrug usually belongs to this
ategory, the use of biorelevant media during in vitro absorp-
ion studies with phosphate ester prodrugs may be required.
or instance, the creation and maintenance of supersaturated

evels of the parent drug may be affected by the presence of
urface-active agents. Based on the results of this study, how-
ver, some caution is required. Fasted State Simulated Intestinal
luid (FaSSIF), often suggested to be relevant for the fasted
tate of the upper gastro-intestinal tract, is a phosphate-buffered
edium that has previously been used in the Caco-2 system

Ingels et al., 2004). The concentration of inorganic phosphate
n FaSSIF amounts to 28.7 mM, which is much higher compared
o the phosphate concentration in aspirated HIF, as reported in
ig. 7. This should be considered when the process under study

s affected by inorganic phosphate, as is the case for the intestinal
rocessing of phosphate ester prodrugs. Therefore, we compared
he use of FaSSIF versus the use of classic transport medium

s the apical medium during incubation of Caco-2 monolayers
ith fosamprenavir. Table 1 shows that the conversion of fos-

mprenavir to amprenavir is more than 100-fold reduced in the
resence of FaSSIF or blank FaSSIF (i.e. FaSSIF in the absence
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Table 1
Amount of amprenavir in donor and acceptor compartments of the Caco-2 system after apical incubation for 60 min with fosamprenavir (10 �M) in different media

Medium Amprenavir (% of initial fosamprenavir amount)

−Taurocholate, −lecithin +Taurocholate 3 mM, +lecithin 0.75 mM

Transport medium (MES-HBSS)
Donor 27.9 ± 1.7 37.1 ± 2.5a

Acceptor 1.9 ± 0.1 1.2 ± 0.1a

Blank FaSSIF (Pi-buffer 28.7 mM)
Donor 0.2 ± 0.1b 0.37 ± 0.02b

Acceptor n.d. n.d.

R an ± S.D., n = 3); n.d.: not detectable.
he absence of taurocholate and lecithin.
ransport medium.
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Fig. 8. Schematic overview of the behavior of fosamprenavir in HIF and in the
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esults are expressed as the percentage of the initial fosamprenavir amount (me
a Significantly different (p < 0.05) from the corresponding result obtained in t
b Significantly different (p < 0.01) from the corresponding result obtained in t

f taurocholate and lecithin). Transport of amprenavir could not
e detected using (blank) FaSSIF. This indicates the incompat-
bility of FaSSIF, and more in general any phosphate-buffered

edium, with intestinal absorption studies of phosphate ester
rodrugs. In contrast to FaSSIF, classic transport medium (MES-
uffered HBSS) contains inorganic phosphate at a concentration
0.8 mM) that falls within the range of intraluminal phosphate
evels in the fasted state (Fig. 7). Therefore, an alternative
iorelevant medium for use with phosphate ester prodrugs may
onsist of transport medium supplemented with taurocholate and
ecithin. The use of this medium in the Caco-2 system resulted
n a slightly increased extent of conversion of fosamprenavir to
mprenavir compared to the use of standard (non-supplemented)
ransport medium (Table 1). However, the amount of amprenavir
ransported to the basolateral compartment decreased, probably
ue to micellar encapsulation of amprenavir.

. Conclusion

As a phosphate ester prodrug as such cannot cross the
ntestinal epithelium, dephosphorylation to its parent drug by
ntestinal alkaline phosphatase is a necessary step in the absorp-
ion of the parent drug. Despite this importance, certain aspects
f the dephosphorylation step are relatively unexplored, espe-
ially considering relevant intraluminal conditions. Therefore,
e evaluated in this study the behavior of a phosphate ester
rodrug of the poorly water-soluble amprenavir in the Caco-
system and in HIF, both showing phosphatase activity. We

articularly paid attention to (1) the generation of intralumi-
al supersaturation of amprenavir after dephosphorylation and
2) the potential impact of phosphatase inhibition by inorganic
hosphate (Fig. 8).

The observation of a supersaturated amprenavir solution in
IF starting from fosamprenavir and resulting in an enhanced
ux is, to our knowledge, the first illustration of the importance
f supersaturation in real intestinal media. In vivo, the creation
f local supersaturation of amprenavir after intake of a high dose
f fosamprenavir, will most likely be essential for the generation
f effective plasma concentrations.
The activity of intestinal alkaline phosphatase is clearly
educed in the presence of inorganic phosphate. As a conse-
uence, the concentration of inorganic phosphate is an important
ariable that should be taken into account when using biorel-

R

B

aco-2 system. The figure indicates the creation of supersaturated amprenavir
oncentrations, resulting in an enhanced flux of amprenavir, and the inhibition
f intestinal alkaline phosphatase (IAP) by inorganic phosphate (Pi).

vant conditions to study phosphate ester prodrugs. Therefore,
hosphate-buffered media, including FaSSIF, should be replaced
y media containing a biorelevant phosphate concentration (e.g.
.8 mM in HBSS). The implications of the inhibitory effect of
norganic phosphate on intestinal phosphatase activity are prob-
bly limited in fasted conditions, regarding the relatively small
ariation in inorganic phosphate concentration in HIF from sub-
ects in the fasted state. However, the intake of phosphate-rich
ood (e.g. milk, chocolate, soft drinks, . . .) may increase the
ntraluminal phosphate concentration up to levels that can sig-
ificantly affect the stability of phosphate ester prodrugs. This
s under investigation in an ongoing study.

Finally, the results of this in vitro study warrant further stud-
es, in which the in vivo intraluminal behavior of phosphate
ster prodrugs is investigated and subsequently related to the
harmacokinetics of the parent drug.

cknowledgements

This study was supported by grants from the ‘Fonds voor
etenschappelijk Onderzoek’ (FWO), Flanders and from the

Onderzoeksfonds’ of the K.U. Leuven, Belgium. We also wish
o thank Rita Vos (Gastroenterology, University Hospitals Leu-
en, Belgium) for her assistance during the in vivo studies.
eferences

rouwers, J., Tack, J., Lammert, F., Augustijns, P., 2006. Intraluminal drug and
formulation behavior and integration in in vitro permeability estimation: a
case study with amprenavir. J. Pharm. Sci. 95, 372–383.



nal of

C

C

C

F

F

F

F

H

H

I

K

K

S

T

T

W

J. Brouwers et al. / International Jour

alhau, C., Martel, F., Hipolito-Reis, C., Azevedo, I., 2000. Effect of P-
glycoprotein modulators on alkaline phosphatase activity in cultured rat
hepatocytes. Cell Physiol. Biochem. 10, 195–202.

hapman, T.M., Plosker, G.L., Perry, C.M., 2004. Fosamprenavir: a review of
its use in the management of antiretroviral therapy-naive patients with HIV
infection. Drugs 64, 2101–2124.

oburn, S.P., Mahuren, J.D., Jain, M., Zubovic, Y., Wortsman, J., 1998. Alkaline
phosphatase (EC 3.1.3. 1) in serum is inhibited by physiological concentra-
tions of inorganic phosphate. J. Clin. Endocrinol. Metab. 83, 3951–3957.

alcoz, C., Jenkins, J.M., Bye, C., Hardman, T.C., Kenney, K.B., Studenberg, S.,
Fuder, H., Prince, W.T., 2002. Pharmacokinetics of GW433908, a prodrug
of amprenavir, in healthy male volunteers. J. Clin. Pharmacol. 42, 887–898.

ernley, H.N., Walker, P.G., 1967. Studies on alkaline phosphatase. Inhibition
by phosphate derivatives and the substrate specificity. Biochem. J. 104,
1011–1018.

leisher, D., Bong, R., Stewart, B.H., 1996. Improved oral delivery: solubility
limitations overcome by the use of prodrugs. Adv. Drug Deliv. Rev. 19,
115–130.

urfine, E.S., Baker, C.T., Hale, M.R., Reynolds, D.J., Salisbury, J.A., Searle,
A.D., Studenberg, S.D., Todd, D., Tung, R.D., Spaltenstein, A., 2004. Pre-
clinical pharmacology and pharmacokinetics of GW433908, a water-soluble
prodrug of the human immunodeficiency virus protease inhibitor amprenavir.
Antimicrob. Agents Chemother. 48, 791–798.

eimbach, T., Oh, D., Li, L.Y., Forsberg, M., Savolainen, J., Leppanen, J.,

Matsunaga, Y., Flynn, G., Fleisher, D., 2003a. Absorption rate limit con-
siderations for oral phosphate prodrugs. Pharm. Res. 20, 848–856.

eimbach, T., Oh, D.M., Li, L.Y., Rodriguez-Hornedo, N., Garcia, G., Fleisher,
D., 2003b. Enzyme-mediated precipitation of parent drugs from their phos-
phate prodrugs. Int. J. Pharm. 261, 81–92.

Y

Pharmaceutics 336 (2007) 302–309 309

ngels, F., Beck, B., Oth, M., Augustijns, P., 2004. Effect of simulated intesti-
nal fluid on drug permeability estimation across Caco-2 monolayers. Int. J.
Pharm. 274, 221–232.

omoda, T., Hokari, S., Sonoda, M., Sakagishi, Y., Tamura, T., 1982. L-
phenylalanine inhibition of human alkaline phosphatases with p-nitrophenyl
phosphate as substrate. Clin. Chem. 28, 2426–2428.

ostewicz, E.S., Wunderlich, M., Brauns, U., Becker, R., Bock, T., Dressman,
J.B., 2004. Predicting the precipitation of poorly soluble weak bases upon
entry in the small intestine. J. Pharm. Pharmacol. 56, 43–51.

un, D., Lennernas, H., Welage, L.S., Barnett, J.L., Landowski, C.P., Fos-
ter, D., Fleisher, D., Lee, K., Amidon, G.L., 2002. Comparison of human
duodenum and Caco-2 gene expression profiles for 12000 gene sequences
tags and correlation with permeability of 26 drugs. Pharm. Res. 19, 1400–
1416.

ardivel, S., Banide, H., Porembska, Z., Dupuis, Y., Aymard, P., Lacour,
B., 1992. In vitro inhibition of alkaline phosphatase activities from
intestine, bone, liver, and kidney by phenobarbital. Enzyme 46, 276–
283.
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