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ABSTRACT: The present study pursued to profile the intestinal solubility of nine HIV protease inhibitors (Pls) in fasted- and fed-state
human intestinal fluids (FaHIF, FeHIF) aspirated from four volunteers. In addition, the ability of fasted- and fed-state simulated intestinal
fluids (FaSSIF, FeSSIF) to predict the intestinal solubility was evaluated. All Pls were poorly soluble in FaHIF (from 7 uM for ritonavir
to 327 uM for darunavir) and FeHIF (from 15 wM for atazanavir to 409uM for darunavir). For four of nine Pls, food intake significantly
enhanced the solubilizing capacity of intestinal fluids (up to 18.4-fold increase for ritonavir). The intersubject variability (average coefficient
of variance CVieq = 60.6%, CVirsed = 40.4%) was higher as compared with the intrasubject variability (CVieq = 41.3%, CViasted = 20.5%).
Pl solubilities correlated reasonably well between FaSSIF and FaHIF (R = 0.817), but not between FeSSIF and FeHIF (R = 0.617). To
conclude, postprandial conditions increased the inter- and intrasubject variability of the Pls. The inability of FeSSIF to accurately predict
the FeHIF solubility emphasizes the need for a multivariate approach to determine solubility profiles, taking into account solid-state
characteristics, pH, mixed bile acid/phospholipid micelles, and digestive products. © 2013 Wiley Periodicals, Inc. and the American

Pharmacists Association ) Pharm Sci
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INTRODUCTION

Treatment of HIV infection involves the use of first- and second-
generation protease inhibitors (PIs). Despite their tremendous
success worldwide, their low oral bioavailability remains a ma-
jor drawback.! The low bioavailability of the PIs led to the high
intersubject variability, increasing the likelihood of subther-
apeutic concentrations and thus affecting the in vivo perfor-
mance of the PIs. The low and variable drug exposure could
have serious clinical implications, given the dependence of
the treatment effectiveness on consistent and adequate drug
exposure.

The variable bioavailability of the PIs can be addressed by
an indepth understanding of the underlying reasons. These
involve both intestinal absorption issues and first-pass elimi-
nation of PIs. All PIs were identified as substrates of the en-
zyme cytochrome P450 3A4 (CYP3A4) present in intestinal ep-
ithelial cells and hepatocytes, thus limiting the concentration
of PIs reaching the systemic circulation.?8 Furthermore, all
PIs were determined to be substrates of the efflux transporter
P-glycoprotein, resulting in a limited absorption of the PIs.”®
Several PIs were also identified as potent inhibitors of hep-
atic uptake transporters (including organic anion transporter
polypeptide) and multidrug-resistance-associated protein-2,
leading to important drug—drug interactions and deranged
pharmacokinetic profiles.'%12 Altogether, these various mech-
anisms contribute to the variable bioavailability.

In addition to the first-pass elimination, intraluminal dis-
solution and solubility issues may contribute to the variabil-
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ity in the oral bioavailability. The PIs are well known for
their low aqueous solubility because of their inherently high
lipophilicity.'®* However, in clinical practice, high doses of PIs
are needed to reach effective therapeutic concentrations and
compensate for the significant first-pass effect (Table 1). The
poor solubility of PIs has been addressed by using formula-
tion strategies including cosolvency (i.e., amprenavir, APV),
salt formation (i.e., atazanavir sulfate, AZV; indinavir sulfate,
IDV; nelfinavir mesylate, NFV; and saquinavir mesylate, SQV),
lipid-based formulations (lopinavir, LPV; ritonavir, RTV; and
tipranavir, TPV), and solid dispersions!4!® (LPV and RTV).
Darunavir (DRV) is used as ethanolate. Unfortunately, these
absorption-enabling strategies do not completely resolve the
wide interindividual pharmacokinetic variability for the dif-
ferent PIs, stressing the need for additional profiling.' To
date, drug solubilities were mainly determined using plain
phosphate buffers resulting in a lack of biorelevant solubility
data. Recently, fasted- and fed-state simulated intestinal fluids
(FaSSIF and FeSSIF) were introduced as promising solvent
systems mimicking the intraluminal environment more closely
by the presence of mixed micelles of taurocholate (TC) and
lecithin.!” However, these simulated media still insufficiently
capture the complex and variable composition of human intesti-
nal fluids (HIF). For instance, the absence of lipid-degradation
products may result in an inadequate prediction of the intralu-
minal solubility in fed-state conditions.

Therefore, the aim of the present study was an in-depth pro-
filing of the solubility of PIs in HIF aspirated from healthy vol-
unteers. This thorough and biorelevant assessment of PI solu-
bility could lead to new insights on the variable bioavailability
in clinical practice. Moreover, HIF solubilities are important
to have a general idea of the PI concentrations found in vivo,
enabling the use of relevant concentrations for in vitro tests
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including drug—drug interaction studies at the level of the in-

”g testine. An overview is generated of the solubility of first- and
i E 88 o~ second-generation PIs in pooled HIF. Possible food effects on
:: E 383y § 258 § §olubility were .evalua'ted by comparing the solubilizing capac-
22|lS2SeeSg 8c32s ity of fluids aspirated in both fasted- and fed-state. In addition,
Ba |l 38N eSqa® inter- and intrasubject variability were characterized by eval-
§ Bl o—-d g il uating fluids originating from different volunteers as well as
N g - fluids originating from one volunteer but aspirated at three

= different days. Finally, the capability of FaSSIF and FeSSIF

to predict the intraluminal solubility was determined by us-
ing HIF solubility as the reference. Two versions of simulated
media were used, one based on crude bile and one using SIF
powder comprising the sole bile acid TC.
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MATERIALS AND METHODS

Clinical Food Effect on
Bioavailability?-14:34:35

Chemicals

The HIV protease inhibitors APV, AZV, DRV ethanolate, and

2 é g RTV were provided by the National Institutes of Health
an g ’g £ AIDS Research and Reference Reagent Program (German-
% ,;:6 2 @ . town, Maryland). SQV, IDV, NFV, and LPV were donated
Bl 2. o7. f; o2 by Hetero Drugs Ltd. (Hyderabad, India). TPV was provided
| tTE~EEeRSS by Boehringer Ingelheim (Rheinland Pfalz, Germany). Water
h| ;E: % ﬁ: 8 was purified with a Maxima system (Elga Ltd., High Wycombe,
"cg = § 2 = Buckinghamshire, UK). Dimethyl sulfoxide and sodium dihy-
M § o % drogen phosphate were obtained from Acros Organics (Geel,

;_% &) Belgium). Hydroxide pellets were purchased from Merck

o (Darmstadt, Germany). Sodium acetate trihydrate, methanol,

22 | S o028 9o and sodium chloride were from VWR International (Leuven,
a \%ﬂ § 2333 @ 8| § 2 Belgium). Sodium taurocholic acid practical grade was pur-
— chased from MP Biomedicals (Illkirch Cedex, France). Phospho-

lipon 90G (lecithin) was from Nattermann Phospholipid Gmbh

=
é % NS S8R (Koln, Germany). Simulated intestinal fluid (SIF? powder was
S| 5582 £8EF S8 purchased from Biorelevant (Croydon, UK). Orlistat was ob-
E éﬂé’ é) £ E" £ > E j% tained from Sigma—Aldrich (St. Louis, Missouri). Ensure Plus
E < SAREE (Abbott Laboratories B.V., Zwolle, The Netherlands) was used
. to simulate a standard meal. One portion of 400 mL has an
B | <10 0 ot~ o1 a1 oo % energy content of 2.528 kdJ, of which lipids, carbohydrates, and
Wl oY NN 6 s ks proteins constitute 29%, 54%, and 17% on energy basis, respec-
- § tively; the osmolality amounts to 670 mOsm/kg; the pH is 6.6.
VAL DR RR RIS g
Zleag-ggsgs| o Solubility Media
20
" o ™ 0 “ Simulated Intestinal Fluids
g g N H N D00 L 7
E a| T« Gaes 5}31’ . Fasted- and fed-state SIF were prepared according to the
< - o0 0. 9o %éﬁl composition reported by Vertzoni'® (revised standard FaSSIF
o €8] 222222223 Bg and FeSSIF with practical grade TC and soybean lecithin).
2| Eg|locco oo <38 . .
B -1 ENVRIVEIVEIVIE - RIVEIVRIVERY g = Throughout this article, the terms FaSSIF.,,qe and FeSSIFqe
R I I B - = I - B I = I a8 . . .
3 § glegge 2 S22 2| a2 =g are used to indicate the use of crude TC.!® For comparative
g %grgg purposes, solubility experiments were also performed with
o n S S S S S 72’ 52:5 FaSSIFgr and FeSSIFgr based on SIF powder. The different
g BlETTRTREET S §§ E media compositions are listed in Table 2.
= < = &
o =2E . .
°l & 22 2% Human Intestinal Fluids
] B ‘m O Q0 %
5 :.; o 2 'z Fasted- and fed-state HIF (FaHIF and FeHIF) were aspirated
g i % % g E from four healthy volunteers (two males, two females, between
A § 2% £ E 23 and 27 years). HIF were collected from the duodenum (D2-
- s aad g D3) with a double-lumen polyvinyl catheter [Salem Sump Tube
%’ & N r§ § 58 é 14 Ch (external diameter 4.7 mm), Covidien, Dublin, Ireland]
8 AR, g s E E g & every 10 min for up to 120 min for the fasted-state and after

intake of a liquid meal (Ensure plus, 400 mL) every 10 min for
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