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ABSTRACT

Tocopheryl Polyethylene Glycol Succinate 1000 (TPGS 1000) can inhibit P-glycoprotein (P-gp); TPGS 1000
was not originally designed to inhibit an efflux pump. Recent work from our laboratories demonstrated
that TPGS activity has arational PEG chain length dependency. In other recent work, inhibition mechanism
was investigated and appears to be specific to the ATPase providing P-gp energy. Based on these observa-
tions, we commenced rational surface-active design. The current work summarizes new materials tested
in avalidated Caco-2 cell monolayer model; rhodamine 123 (10 M) was used as the P-gp substrate. These
results demonstrate that one may logically construct non-ionic surfactants with enhanced propensity to
inhibit in vitro efflux. One new surfactant based inhibitor, Tocopheryl Polypropylene Glycol Succinate
1000 (TPPG 1000), approached cyclosporine (CsA) in its in vitro efflux inhibitory potency. Subsequently,
TPPG 1000 was tested for its ability to enhance the bioavailability of raloxifene - an established P-gp
substrate - in fasted male rats. Animals dosed with raloxifene and TPPG 1000 experienced an increase
in raloxifene oral bioavailability versus a control group which received no inhibitor. These preliminary
results demonstrate that one may prepare TPGS analogs that possess enhanced inhibitory potency in vitro

and in vivo.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Non-ionic surface-active agents are commonly used in oral
formulations to enhance the bioavailability of water insoluble phar-
maceutical actives. Non-ionic surfactants offer several advantages:
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(i) they are more hydrophobic than ionic surfactants; (ii) they pos-
sess a better capacity to dissolve water insoluble drugs; and (iii) in
general, they are less toxic to biological membranes. Furthermore,
by modulating efflux pumps such as P-glycoprotein (P-gp) and/or
multi-drug resistance associated proteins (MRP 1 and 2), several
non-ionic surfactants (e.g. Tweens®, Spans®, Cremophors® (EL and
RH40), Pluronic® block copolymers, and vitamin E TPGS) have been
shown to influence drug pharmacokinetics (PK) (Miller et al., 1999;
Rege et al., 2002; Bogman et al., 2003).

Intestinal P-gp, an ATP-binding cassette (ABC) superfamily
(Higgins, 1992) member, has very broad substrate specificity and
located at the enterocyte apical membrane. P-gp, the product of
the multi-drug resistance gene (MDR1), has been extensively stud-
ied (Ueda et al., 1986). P-gp has been found in numerous epithelia
including the small intestine luminal surface, colon, brain capil-
lary endothelial cells, and kidney proximal tubules (Thiebaut et al.,
1987; Van der Valk et al., 1990; Lankas et al., 1998; Choo et al,,
2000; Campbell et al., 2003; Mizuno et al., 2003; Fromm, 2004).
P-gp protects cells against toxins by actively transporting against a
concentration gradient (Roninson, 1987). By the same mechanism,
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Fig. 1. Surface-active excipients.

P-gp can limit drug oral absorption (Suzuki and Sugiyama, 2000).
Therefore, intestinal P-gp inhibition to enhance drug bioavailability
has been an attractive therapeutic strategy.

Water soluble TPGS 1000 (p-a-tocopheryl polyethylene glycol
1000 succinate; Fig. 1, (1)) has a hydrophilic (PEG) head and a
lipophilic (phytyl) tail. TPGS has been used as a solubilizer, an emul-
sifier, and as a vehicle in lipid based drug delivery formulations.
Recently, it was discovered that TPGS inhibits P-gp with modest
potency. TPGS, a solubilizer with an excellent safety profile, has
been used clinically to enhance the bioavailability of amprenavir,
a marketed antiviral drug (Yu et al., 1999; Brouwers et al., 2006).
Presumably due in part to limited TPGS potency, amprenavir cap-
sules are large and the common adult dose has been eight capsules,
twice a day.

We have previously reported initial work on the structure-
activity relationship (SAR) of TPGS analogs, specifically on TPGS
analogs where the PEG chain length was varied (Collnot et al.,
2006, 2007). Those SAR studies revealed that rhodamine 123 (Rho)
permeation rate through Caco-2 cell monolayers was strongly
influenced by polyethylene glycol chain length, with an optimum
linear PEG molecular weight between 1000 (1) and 1500 (2) Da.
Recently, we conducted detailed studies to determine the mech-
anism by which TPGS reduces P-gp-mediated efflux and enhances
oral bioavailability of certain compounds (Collnot et al.,2007). From
these studies, the prevalent mechanism appears to be ATPase inhi-
bition. The data are not consistent with competitive inhibition or
unspecific cell membrane rigidity/fluidization; rather, ATPase inhi-
bition appears to occur from blocking substrate binding and/or via
P-gp allosteric modulation.

With this mechanistic understanding in hand, we sought to
expand our SAR studies. Our goal was to create new, more pow-
erful, surface-active inhibitors. We elected to design these new
inhibitors such that, like TPGS, they would be constructed from
non-toxic components, and thus have the best chance to provide
good safety profiles. Safe but more potent inhibitors may have sig-
nificant value (e.g. enabling smaller dosage forms and/or increasing
drug payload). Herein, we present novel TPGS analog synthesis, in
vitro P-gp inhibitor potency testing using the Caco-2 permeability
model, and initial in vivo PK proof of concept.

2. Methods and materials
2.1. Materials

Non-essential amino acids, streptomycin and penicillin, N-2-
hydroxyethylpiperazine-N'-2-ethane sulfonic acid (HEPES), Dul-
becco’s modified Eagle medium (DMEM), rhodamine 123 (Rho),
cyclosporine A (CsA), carboxymethyl cellulose (CMCe; microgran-
ular, 25-60 M), microcrystalline cellulose (MCC), vinorelbine
ditartrate salt, domperidone, chlorpromazine hydrochloride, pra-
zosin hydrochloride, dexamethasone, diltiazem hydrochloride,
raloxifene hydrochloride, loperamide hydrochloride, propra-
nolol hydrochloride, methanol, acetonitrile, dichloromethane,
iso-propyl alcohol, ethanol, water, formic acid, ammonium acetate,
sodium hydroxide, polyethylene glycol 1000 (PEG-1000), PEG-
750-OMe (methyl ether), PEG-1100-OMe, PEG-1500, PEG-2000,
PEG-400, polypropylene (PPG) 1000, PPG-1000-MBE (monobutyl
ether), PEG-PPG-MBE-970, PEG-PPG-PEG-1100, PEG-monooleate-
860, cholesterol succinate, cholic acid, deoxycholic acid, pyridine,
DMAP (4-dimethylaminopyridine), 4-chromanol, succinic anhy-
dride, toluene, and DCC (N,N'-dicyclohexylcarbodiimide) were
purchased from Sigma-Aldrich Chemical Company (St. Louis,
MO). Heat-inactivated fetal calf serum (FBS) and Hank’s Buffered
Saline Solution (HBSS) were purchased from GIBCO (Invitrogen
Corp.; Carlsbad, CA). Saquinavir base (Lot # 25449) was pur-
chased from Apin Chemicals Ltd. (Abingdon, Oxon, UK). Raloxifene
6-glucuronide (Lot # 19-WG-9-1) and raloxifene 4’-glucuronide
(Lot # 18-WG-171-1) were purchased from Toronto Research
Chemicals, Inc. (North York, Ontario Canada). Wistar-Hannover
plasma (potassium EDTA) was obtained from Bioreclamation Inc.
(Hicksville, NY).

2.2. Caco-2 cell culture and handling

Caco-2 cells, clone C2BBe1, were purchased from American Type
Culture Collection (ATCC; Manassas, VA). Cells from passage 49-55
were used. Caco-2 cell monolayers were grown on polyethylene
terephthalate (PET) membranes (Falcon™ HTS Multiwell, 1.0 wm
pore size, 0.31 cm? growth area, and 6.5 mm diameter) for 21-23
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Table 1

Mass spectrometer conditions for compounds monitored using electrospray ionization positive ion mode (ESI+).

Compound Mass transition GS1/2 DP CE CXP R/LOD?
Astemizole 459.2-135.1m/z 15/20 36.0 51.0 8.0 0.9966/0.03
Chlorpromazine 319.0-58.1m/z 15/15 46.0 67.0 8.0 0.9959/0.02
Dexamethasone 393.2-373.2m|z 20/10 36.0 13.0 12.0 0.9999/0.01
Diltiazem 414.9-178.1m/z 15/10 51.0 35.0 6.0 0.9966/0.01
Domperidone 426.1-175.1m/z 20/15 61.0 41.0 10.0 0.9975/0.01
Loperamide 477.2-266.2m|z 10/10 61.0 37.0 6.0 0.9945/0.01
Propranolol 260.2-116.2m/z 20/30 81.0 27.0 6.0 0.9974/0.01
Prazosin 384.3-95.0m/z 15/15 56.0 71.0 16.0 0.9976/0.03
Raloxifene 4743-111.7m|z 15/15 80.0 45.0 8.0 0.9995/0.22°
Raloxifene Glucuronides 650.3-474.2 m|z 15/15 61.0 47.0 14.0 0.9996/0.10°
Rhodamine 123 345.2-285.2m|z 20/20 91.0 61.0 16.0 0.9987/0.01
Saquinavir 671.3-570.3m/z 10/10 61.0 47.0 14.0 0.9942/0.07
Vinorelbine 779.2-1221m/z 10/10 106.0 83.0 8.0 0.9963/0.08

a 1/x? weighted (x = analyte concentration) linear regression standard curve (N=3 +S.D.) LOD =limit of detection (ng/mL); R = correlation coefficient, computed using the
Pearson correlation with a two tailed P-value test (P<0.0001) at a 95% confidence interval.

b LOD from plasma extracted samples.

days. Cells were seeded (density of ~60,000 cells/cm?2) and grown
at 37 °Cina controlled atmosphere of 5% CO, with a relative humid-
ity of 85%. The culture medium was changed every two days and
consisted of DMEM supplemented with 10% FBS, 1% non-essential
amino acids, 100 pg/mL streptomycin, and 100U/mL penicillin.
Transepithelial electrical resistance (TEER) was measured with an
automated REMS electrical volt-ohm meter EVOM (World Preci-
sion Instruments; Sarasota, Florida). Monolayers with TEER values
>350 ©2 cm?, with background subtracted, were used for transport
studies.

2.3. Compound transport assay

Compound transport assays were performed in absorptive (api-
cal to basolateral, Ap-to-Bl) and secretory (Bl-to-Ap) directions. To
initiate the experiments, a solution of compound (10 wM) in buffer
solution (37 °C)-HBSS containing 25 mM HEPES-(pH 6.5 for Ap-to-
Bl; pH 7.4 for Bl-to-Ap) was added to the donor compartment and
buffer solution (pH 6.5 for apical side, and pH 7.4 for basolateral
side) was added to the receiver compartment. Samples were col-
lected by complete receiver volume replacement with fresh buffer
solution (37 °C) at 30, 60, 90, 120, 150, 180, 240, and 300 min. Com-
pounds were quantified by LC/MS/MS.

2.4. Excipient screening assay

Rho (10 wM) transport was assessed in the secretory (Bl-to-
Ap) direction in the presence of various surface-active agents
(excipients, 30 wM); the excipient solutions were freshly prepared
in HBSS/HEPES (37°C). Prior to Rho transport experiments, the
monolayers were pre-incubated for 1.0 h with the corresponding
excipient on both sides at pH 7.4. Subsequently, at t =0 min, a solu-
tion of Rho (10 wM, 1000 pL) in buffer/excipient solution (pH 7.4)
was added to donor compartment (basolateral side) and pure buffer
solution (pH 6.5) added to the receiver compartment (apical side,
300 pL). The method did not utilize plate-shaking. Samples were
collected after 60, 120, and 180 min from the receiver compartment.
Samples were collected by complete receiver volume replacement
with fresh buffer solution (37°C) containing excipient. Rho was
quantified by LC/MS/MS.

2.5. Liquid chromatography mass spectrometry

We used an Applied Biosystems Sciex 4000-QTrap® (Applied
Biosystems; Foster City, CA) equipped with a Shimadzu HPLC
(Shimadzu Scientific Instruments, Inc.; Columbia, MD), a PEAK

Scientific API Systems gas generator (PEAK Scientific; Bedford,
MA) and Leap auto-sampler (LEAP Technologies; Carrboro, NC).
Liquid chromatography employed an Agilent Technologies, Zor-
bax extended-C18 50 mm x 4.6 mm, 5 wm column at 40°C with a
flow rate of 0.4 mL/min. The mobile phase consisted of A: 10 mM
ammonium acetate, 0.1% formic acid in water, and B: 50:50 ace-
tonitrile:methanol. Two different HPLC methods were used. HPLC
method 1 had a 6.5min run time; started at 5% B, ramped up to
95% B at 3 min and held until 4.5 min, ramped back down to 5% B
at 5 min and held until end of run. HPLC method 2 (for vinorelbine)
had an 8.0 min run time; started at 20% B, ramped up to 70% B at
3 min and held until 3.9 min, ramped up to 95% B at 4.5 min and held
until 6.5 min, ramped back down to 20% B at 7.0 min and held until
end of run. In addition to the settings summarized in Table 1, the
MS/MS conditions for the compounds monitored via electrospray
ionization positive ion mode (ESI+) were: (i) an ion-spray voltage
of 5500V; (ii) temperature, 450°C; (iii) nitrogen was used for the
curtain gas (CUR) and collisionally activated dissociation (CAD) gas;
(iv) CAD gas was set at medium; (v) ion source gas one (GS1) and
two (GS2) were air; (vi) the entrance potential was set at 10.0V;
(vii) quadruple one (Q1) and three (Q3) were both set on unit res-
olution; (viii) dwell time was set at 200 ms; and (ix) declustering
potential (DP), collision energy (CE), and collision cell exit potential
(CXP) are voltages (V).

2.6. Apparent permeability and statistical analysis

Flux was determined using receiver compartment compound
steady-state appearance rates (AQ/At). Papp across Caco-2 mono-
layers was calculated via:

AQ
Papp = AtAC,

Papp =apparent permeability coefficient [cm/s]; AQ/At=permea-
bility rate [g/s; pmol/s]; Cy =initial concentration in donor cham-
ber [pg/cm?; pmol/cm3]; and A=membrane surface area [cm?].
Papp Ap-to-Bl, Papp Bl-to-Ap, and active transport are expressed as
means =+ standard deviation (S.D.). Efflux ratio (ER) was computed
as:

_ (PappBl > Ap)

ER= —————=.
(PappAp — BI)

Graphs were prepared using Prism 4.02™ (GraphPad Software, Inc.;
San Diego, CA). Active transport K, was computed from non-linear
regression analysis.
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2.7. Synthesis and purification

General synthetic procedure: vitamin E succinate (3.25g,
6.12 mmol), or other starting carboxylic acid (i.e. chromanol suc-
cinate, steroid, bile salt), was dissolved in dichloromethane (20 mL)
and 1.1 equivalents of the corresponding polyethylene glycol or
polypropylene glycol added and stirred at room temperature. DMAP
(0.1 equivalents) - in the case of the steroids, pyridine was used as
the base — and DCC (1.1 equivalents) were then added. The reac-
tion vessel was capped and stirred overnight. The reaction mixture
was filtered through a Biichner funnel, and the filtrate concentrated
under reduced pressure to afford crude product(s).

Reaction products (1-16) were purified (Fig. 1) via preparative
HPLC (Varian Dynamax Microsorb C8 column, 250 mm x 41.4 mm
i.d., 8 wm particles, 60 A pore) using mobile phases: A, 70/30 [50/50
iso-propyl alcohol (IPA)/acetonitrile (ACN)]/0.0025M NH40Ac; B,
50/50 IPA/ACN; and C, 100% IPA with general step-gradient condi-
tions of A for 24 min, B for 6 min and C for 12 min at a flow rate of
65 mL/min.

2.8. Mass spectrometric analysis of reaction mixtures and
purified materials

Synthesized samples were analyzed by positive and negative ion
LC-MS/MS on a Waters LCT time of flight mass spectrometer. The
system was equipped with a Hewlett Packard Series 1100 on-line
degasser, auto-sampler (2.0 mL vials), quaternary pump, column
heater, and diode array UV-vis spectrometer. In order to enhance
ionization, a solution of 25.0 mM ammonium acetate in methanol
was added after the diode array at 0.10 mL/min using a Waters
510 pump. Approximately 130 L of the total flow of 1.1 mL/min
was split to the mass spectrometer and the remainder sent to
waste. The separations were performed with a Varian HPLC column
(150 mm x 4.6 mm, Microsorb 100-5 C8). Solvent A was a mixture
of water (1000 mL containing 2.50 mM ammonium acetate) and
30.0 mL of organic (mixture of 50/50 (v/v)isopropanol/acetonitrile).
Solvent B was a mixture of 50/50 isopropanol/acetonitrile. The fol-
lowing HPLC conditions were employed: a 38.0 min run time which
started at 40% B was ramped to 100% B over 30.0 min, ramped to 60%
B at 31.0 min and held until end of run. To obtain molecular weight
information, various TOF mass spectrometry conditions were used:
Cycle time (1.0s), scan duration (0.5s), inter-scan delay (0.55s),
retention window (0-30 min), mass ranges of 50-3000, capillary
voltage of 2500 (ES—) and 3200 (ES+), RF lens voltage (100), desol-
vation temp 250 °C, source temp 90 °C, sample cone voltage (25 or
75), and diode array wavelength range of 190-900 nm. PPG and PEG
components yielded (M + NH4)* or (M + 2NH,4 )?* ions in the positive
ion mode and (M +acetate)~ ions in the negative ion mode. Many
nitrogen containing by-products yielded (M +H)* ions in the posi-
tive ion mode and (M — H)™~ ions in the negative ion mode. All com-
ponents produced the expected average molecular weight values.

2.9. Raloxifene formulations and pharmacokinetic study design

2.9.1. Wister-Hannover rat study

In vivo testing was conducted at RCC Ltd. (Toxicology, CH-4452
Itingen, Switzerland). Male Wistar-Hannover rats (weight range,
257-313 g) were obtained from RCC Ltd. (Laboratory Animal Ser-
vices, CH-4414 Fiillinsdorf, Switzerland). Prior to dosing, rats were
individually housed in Makrolon type-3 cages with wire mesh tops
and standardized softwood bedding (Lignocel Schill AG, CH-4132
Muttenz/Switzerland). The room was air-conditioned with 10-15
air changes per hour, and maintained at 22 4+4°C and a relative
humidity between 30 and 70%. The rats were subjected to 12 h flu-
orescent light/12 h dark cycles with music during the light period.
The animals were allowed free movement and access to water.

The study design and metabolite investigations have been pre-
viously described in detail (Wempe et al., 2007a). Briefly, groups
of four male Wistar-Hannover rats (300-350 g) were used. Group
1 received an HBenBCD/raloxifene solution (equivalent to 3.66 mg
raloxifene base/mL); HBenBCD was present to ensure a ralox-
ifene solution and not a suspension for the iv dose. Group 2
received capsules containing raloxifene dispersed in microcrys-
talline cellulose (MCC) (399 mg raloxifene/g). Group 3 received a
raloxifene/propylene glycol oral solution containing 99.9 mg/g of
raloxifene. Group 4 received a solution prepared by dissolving TPPG
1000 (12, 30 mg) in raloxifene/PG solution (same solution used for
Group 3; 601 mg).

Group 1 (iv; 2.5mg/kg) was dosed using a 1.0mL syringe at
an infusion rate of 0.30 mL per min. Oral dosage forms comprised
capsules (solid and liquid filled) containing raloxifene formulation
(Group 2, raloxifene/MCC, 10 mg/kg; Group 3, raloxifene liquid-
filled capsules, 10 mg/kg; Group 4, raloxifene liquid-filled capsules
10 mg/kg with (12), 5.0 mg/kg) in gelatin Torpac Lock ring gel size
9 capsules (Torpac, USA). Using the Torpac dosing syringe (Torpac,
USA), Groups 2-4 were dosed by capsule oral gavage followed by
water (0.50mL) to facilitate movement to the stomach. Animals
were allowed free access to food and water, but were fasted for
at least 8 h prior to dosing until 5 h post-dose. Dosing was 2-3.5h
after the beginning of a light cycle and dosing time across each
group was consistent to avoid confounding chronopharmacokinetic
effects.

Blood samples (300 L) were collected from a catheter inserted
into the jugular vein using an AccuSampler® (DiLab®; Oresund,
Sweden). For Group 1 (iv), blood samples were taken at 0.083
(5min), 0.25 (15 min), 0.50 (30 min), 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0,
12.0, 24.0, 36.0, 48.0, and 72.0 h. Groups 2-4 were taken at 0.33
(20min), 0.50 (30 min), 0.75 (45 min), 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0,
12.0, 24.0, 36.0, 48.0, and 72.0 h. After each blood draw, removed
blood volume was replaced by an equivalent volume of intraperi-
toneal saline. Blood samples were centrifuged at RCC Ltd. and
plasma transferred into a designated well of a 96-well plate. The
plates were stored on dry ice during filling and shipped frozen on
dry ice. All animals were euthanized 72 h post-dose following ter-
minal blood collection via abdominal aorta or cardiac puncture.
Animals were anesthetized by CO,/O, for collection followed by
exsanguination.

An internal standard (IS) solution was freshly prepared in a
500 mL volumetric flask containing 1:1 (v/v) acetonitrile:methanol
and saquinavir base (0.04 wM). Individually, the 96-well plates
were removed from the freezer (—80 + 10°C) and allowed to warm
to ambient temperature (45-50min). The in vivo plasma sam-
ples (50 p.L) were transferred into separate 1.5 mL micro-centrifuge
tubes. Total plasma volume was brought to 100 L by adding (50 L)
male Wistar-Hannover plasma (potassium EDTA). Subsequently,
200 L of IS solution was added, capped, mixed (5s), and cen-
trifuged at 13,200rpm (10.0 min) using an Eppendorf minispin
centrifuge (Hamburg, Germany). The supernatant (250 L) was
transferred into individual wells of a 96-well plate. The 96-well
plate was sealed and centrifuged at 3000 rpm (10.0 min) at 10°C
(Labofuge 400R Centrifuge). The 96-well plate was placed into
the auto-sampler cool-stack (6°C) and analyzed by a previously
described validated LC/MS/MS method (Wempe et al., 2007a).

2.9.2. Sprague-Dawley rat study

This in-life study was conducted at East Tennessee State Univer-
sity — Quillen College of Medicine, Division of Laboratory Animal
Resources (Johnson City, Tennessee, USA). The animal facility is
AAALAC accredited. All procedures were reviewed and approved
by the ETSU Committee on Animal Care. Male rats were purchased
from Harlan World Headquarters (Indianapolis, Indiana, USA). Ani-
mals were housed in groups of three at 72 +2°F and 55+ 15%



M.E Wempe et al. / International Journal of Pharmaceutics 370 (2009) 93-102 97

humidity. Animals were allowed free movement and access to
water with 12 h dark and light cycles. Dosing occurred ~2.0-2.5h
after the beginning of a light cycle. All animals had access to water,
ad libitum, and were fasted for 14-16 h prior to dosing; food was
returned 4 h post-dose.

Using tail-vein collection (i.e. the anterior portion of the tail
~2-3 mm was transected), blood samples (~125 L) were collected
(1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 8.0 and 24h post-
dose) using mini-capillary blood collection tubes (~125 L) that
contained EDTA di-potassium salt (SAFE-T-FILL®; RAM Scientific
Inc., Yonkers, NY, USA). Immediately after filling individual sam-
ples, the tubes were mixed and stored on dry ice and kept frozen
(—80+£10°C) until sample preparation and subsequent LC/MS-MS
analysis. Control blood was collected from fasted, non-dosed,
animals (n=3) via inferior vena cava bleeding. In an analogous pro-
cedure as previously described, a raloxifene standard curve from
extracted blood was prepared.

Raloxifene/CMCe and raloxifene/surfactant/CMCe formulations
were prepared as follows: CMCe (2.0g) was weighed out into
a glass vial. Next, the non-ionic surfactant — TPGS 1000, Cholic
PEG1000, or TPPG 1000 (all a purity of >99%) - was added (1.0 g).
Ethanol (2.0 mL) was then added and homogenized (3-4 min) using
a Polytron® PT1200 (Kinematica, CH; PT-DA 1212/2 EC). After-
wards, the homogenizer tip was washed in multiple portions with
additional solvent (aqueous ethanol; 1-2 mL) and the combined
contents were frozen (i.e. liquid nitrogen) and lyophilized (36-38 h).
Next, in a ratio of 1:3 (raloxifene hydrochloride:CMCe/Surfactant;
w/w), formulations were prepared by mixing via a mechanical
roller (1h). Thereafter, to help remove clumps or aggregates that
might have formed the material was removed and passed through
a 35-mesh screen. After additional mixing (45 min), using the Tor-
pac filling funnel, the formulations were filled into hard shell
Torpac Lock Ring Gel Capsules (Size 9, in vivo dosing). There-
fore, these PK capsules contained a surfactant:raloxifene HCI ratio
of ~1:1 (w/w). Using the Torpac dosing syringe (Torpac, USA),
capsule oral gavage dosing was conducted; water (0.50 mL) was
immediately orally dosed to facilitate capsule movement to the
stomach.

2.9.3. Raloxifene formulation solubility comparison

As an attempt to rank order the in vitro solubility enhancement
of raloxifene by 1,15 and 12, the following was performed: to mimic
the initial in vivo dose conditions, formulation amounts equal to
the in vivo dose were weighed out (in triplicates) into separate
glass vials. Water (HPLC grade, 500 L) was added and the contents
mixed at room temperature (400 rpm; 10 min) and immediately
filtered through a 0.45 pm filter (Acrodisc® Premium Ion Chrom
Syringe Filter; Pall Life Sciences, Ann Arbor, MI); the filtrates were
analyzed by LC/MS-MS.

2.10. CMC determination

Critical micelle concentrations, CMC, for 1, 12, and 15 were
obtained from the concentration dependence of the surface ten-
sions of their solutions in water at ambient temperature. Solutions
of each material were obtained by serial dilution of an initial solu-
tion prepared by weight. The surface tension of each solution was
determined from the force exerted by the meniscus on a glass cover-
slip as it was slowly immersed and retracted from the liquid in a
Cahn DCA-322 Dynamic Contact Angle Analyzer (Cahn Instruments,
Madison, WI). A fresh cover-slip, passed through the oxidizing
region of a gas flame at least three times on each side, was used
for each measurement. The CMC was taken to be the break point,
above which the surface tension ceased to decrease with increasing
concentration.

2.11. Statistical methods

Statistical analysis on the effects of in vitro permeability, pH
comparisons, efflux ratio (ER), and excipient comparisons were per-
formed either using an unpaired t-test with Welch’s correlation or
a one way-ANOVA with Dunnett’s multiple comparison post-test
at the 95% confidence level. The effect of TPGS 1000 purity on in
vitro ICsp was assessed using an unpaired t-test. The formulation
groups, for the Wistar-Hannover experiments, were compared with
respect to ‘Area Under the Curve’ (AUC), Tmax, Cmax, total exposure,
and absolute bioavailability (F) using a one-way ANOVA followed
by a Dunnett’s multiple comparison test (P<0.05 denotes signifi-
cance). The Sprague-Dawley rat data were compared via repeated
measures tests with a Friedman (nonparametric) test followed by a
Dunn’s post test at the 95% confidence level.

3. Results and discussion
3.1. Inhibitor design and synthesis

Fundamentally, TPGS contains a hydrophile (PEG) attached
through a linker (succinic acid) to a hydrophobe (a-tocopherol)
(Fig. 1). Previous studies investigated the relationship between
PEG chain length and potency of Rho efflux inhibition (Collnot
et al,, 2006). These studies predicted optimal P-gp inhibition
at a PEG chain length of approximately 24-33 monomer units.
Subsequently, as part of an investigation of the TPGS efflux inhi-
bition mechanism, we briefly examined the impact of varying the
hydrophobe. We found that hydrophobic moieties such as choles-
terol and phytol, replacing a.-tocopherol in the basic TPGS structure,
gave more potent P-gp inhibition than TPGS 1000 (Wempe et
al., 2007b). Encouraged by these results, we decided to broaden
our structure—property scope; we were searching for more potent
inhibitors and hoped to gain further SAR insight. In the work
reported herein, we elected to examine: (i) modified hydrophiles
and their effects; and (ii) a broader range of hydrophobes. Design
criteria included minimization of in vivo hydrolysis, and use of
benign components. The structures are illustrated in Fig. 1 and
Table 2. We investigated polyethylene glycol hydrophile replace-
ment with polypropylene glycol (e.g. compound 12) or with PEG
and PPG copolymers (e.g. compound 10). We compared hydrophobe
a-tocopherol replacement with chromanol (compound 4), cholic
acid (compound 15), 7-deoxycholic acid (compound 16) and choles-
terol (compound 14). Since cholic acid and 7-deoxycholic acid
possess carboxyl functionality, a linker for these hydrophobes to
the hydrophile was not required. Inhibitor candidates were read-
ily constructed by forming an ester linkage between an activated
carboxylic acid and the hydrophile alcohol. The well known car-
bodiimide coupling reagent DCC in the presence of base (DMAP)
was used, except with steroid hydrophobes where pyridine was
used as the base (Smith and March, 2007).

3.2. Caco-2 cell monolayer validation

Confluent Caco-2 monolayers exhibit morphological and func-
tional similarities to small intestinal epithelium. They possess
metabolizing enzymes (e.g. glucuronidation, sulfation, esterase,
etc.)and influx/efflux transporter proteins (e.g. glucose transporters
and P-gp, respectively). Caco-2 monolayer experiments are known
to produce in vitro permeability data that may correlate to human
absorption (Rubas et al., 1993; Lennernds, 1998; Cogburn et al.,
1991; Yuetal., 1996). However, as with all in vitro techniques, exper-
iments with Caco-2 monolayers have limitations; for example, they
are known to possess little to no cytochrome P450 (called CYP or
P450) activity (i.e. CYP3A4) and culture conditions are important
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Table 2
Compound substituents summary.
Compound Descriptor Hydrophobe (R) Linker Glycol (Gpp) R’
1 TPGS 1000 a-Tocopherol Yes PEG5, H
2 TPGS 1500 a-Tocopherol Yes PEG34 CH3
3 Chrom 400 Chromanol Yes PEG1, H
4 Chrom 1000 Chromanol Yes PEG;, H
5 TPGS 400 a-Tocopherol Yes PEG1» H
6 TPGS 750-OMe a-Tocopherol Yes PEGqs CH3
7 TPGS 1100-OMe a-Tocopherol Yes PEG24 CHs
8 TPGS 2000 a-Tocopherol Yes PEGgs H
9 TPGS 860-Oleate a-Tocopherol Yes PEG13 Oleate
10 TPGS PEG-PPG-PEG 1100 a-Tocopherol Yes PEG;-PPG17-PEG, H
1 TPGS PPG-PEG-OBu 970 a-Tocopherol Yes PPG7-PEGq; (CH3)3CH3
12 TPPG 1000 a-Tocopherol Yes PPGis H
13 TPPG 1000-OBu a-Tocopherol Yes PPGy5 (CH;)3CH;3
14 Chol 1000 Cholesterol No PEG3) H
15 Cholic 1000 Cholic acid No PEGy; H
16 Deoxycholic 1000 Deoxycholic acid No PEG;, H

(Anderle et al., 1998; Carriére et al., 1994; Fisher et al., 1999). Fur-
thermore, in vitro permeability may be influenced by a variety of
experimental conditions such as passage number, membrane sup-
port type, plate-shaking, etc. (Takanaga et al., 1994; Nicklin et al.,
1992; Karlsson and Artursson, 1991). Consequently, laboratories use
permeability standards (e.g. mannitol and propranolol) to provide
low and high apparent permeability (Papp) controls (Ogihara et al.,
1999; Lu et al., 1996; Pade and Stavchansky, 1998).

Prior to evaluating the synthesized excipients, it was imper-
ative to demonstrate that the in vitro Caco-2 system we were
using was functioning appropriately. In addition to using a dif-
ferent membrane support, our previous in vitro studies did not
incorporate a pH gradient (Collnot et al., 2006). The current stud-
ies incorporate a more physiologically relevant in vitro model, one
with a pH gradient in the Ap-to-Bl (pH 6.5-7.4) direction. As sum-
marized in Table 3, various compounds extending over a low to
high in vitro permeability range were tested (10 uM). Loperamide
had the highest efflux ratio (ER) (25.8 +£6.0) and largest Bl-to-Ap
Papp (754.0 = 130.0 x 10~ cm/s). For other compounds, ER’s ranged
between 13.7 4+ 1.8 and 2.1+ 0.2 for prazosin and dexamethasone,
respectively. Rho and saquinavir ER’s were between seven and
nine and consistent with what others have reported (Rege et al.,
2002; Alsenz and Haenel, 2003). The paracellular transport marker
mannitol and the passive diffusion marker propranolol afford the
expected ER of approximately one. Using CsA as a P-gp inhibitor, we

Table 3

Absorptive transport (Ap-to-Bl), secretory transport (Bl-to-Ap), and efflux ratio (ER)
across Caco-2 monolayers for various compounds (10 wM) with proton gradient;
mean=+S.D., n=4.

Compound (10 uM) Ap-to-Bl Bl-to-Ap Efflux ratio
(Papp £S.D.)° (Papp £S.D.)° (£S.D.)
Mannitol® 0.24 + 0.07 0.23 + 0.07 1.0+ 04
Vinorelbine 11+0.2 123+ 1.0 118 £ 19
Domperidone 1.3 £ 0.1 9.7 £ 04 7.6 £0.5
Saquinavir 14 +£0.2 113+ 0.7 85+ 10
Chlorpromazine 15+ 0.1 173 £ 2.8 11.7 £ 1.8
Prazosin 51+0.8 66.3 £+ 4.6 13.7 £ 1.8
Rhodamine 91+13 117.0 + 12.0 135+ 19
Rhodamine +CSA 50.0 £ 42" 378 £34"" 0.8 +01""
(30 uMY?
Dexamethasone 212 £ 11 43.2 + 3.6 21+02
Diltiazem 224 +07 117.0 +£ 6.0 53+03
Loperamide 299 +5.8 754.0 + 130.0 27.0 £ 6.0
Propranolol 124.0 £ 25.0 111.0 + 22.0 1.0 £ 0.2

2 Rho vs Rho + CsA, unpaired t-test with Welch'’s correlation.
b Values obtained with [*C]Mannitol at 5 uM (Wempe, 2003).
€ Pypp x 106 cmy/s.

™" P-value <0.001.

observed the expected increase and decrease on Rho transport in
both the Ap-to-Bl (9.1 +1.3 x 10-6 cm/s to 50.0+4.2 x 10~6 cm/s)
and Bl-to-Ap (117.0£12.0 x 106 cm/s to 37.8+3.4 x 10-6cm/s)
directions, respectively. Hence, CsA significantly altered Rho in vitro
ER (0.8 £0.1). These results are important because they illustrate
that the Caco-2 in vitro system contains P-gp and can be inhibited;
in addition, a system where one may delineate materials over a
wide permeability range.

Furthermore, many parameters may influence the interactions
between P-gp and a substrate and/or inhibitor. These include over-
all enterocyte lipid content, bilayer physical state, aqueous buffer
composition, whether the substrate and/or inhibitor operates by
a classical ‘lock-and-key’ competitive inhibition, or some sort of
surface-active modification that alters surface tension, surface
potential, or perhaps a local dielectric constant. A Caco-2 mono-
layer Rho concentration dependent transport study without an
inhibitor was conducted and the Ap-to-Bl and Bl-to-Ap steady-
state (60-120 min) results are summarized in Fig. 2. Under the
pH gradient conditions, efflux was saturated at a lower concen-
tration; we observed a Ky, of 24.7 +2.9 uM and 15.0+2.2 puM for
apical pH 7.4 and 6.5, respectively. For all concentrations, Rho
transport rate (Papp) in the Ap-to-Bl direction was significantly
(P<0.05) lower under proton gradient conditions. On the other
hand, the Bl-to-Ap differences did not become significant until Rho
was > 5 wM. Furthermore, altering apical pH 7.4-6.5 (10 wM Rho)
changed the computed ER (10.5 & 1.3-13.0 &+ 1.5) and also illustrates
the significant (P<0.0015; unpaired t-test with Welch’s correla-
tion) influence of a proton gradient. The computed ER’s at varying
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Fig. 2. Rho Caco-2 monolayer concentration dependent transport (absorptive trans-
port, Ap-to-Bl; secretory transport, Bl-to-Ap). (A) Ap-to-Bl, Ap pH 7.4; (a) Bl-to-Ap,
Ap pH 7.4; (O) Ap-to-Bl, Ap pH 6.5; (B) Bl-to-Ap, Ap pH 6.5; mean+S.D., n=4.
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Fig. 3. Rhodamine 123.

concentrations of Rho were statistically significant between 5
and 15 pM.

As depicted in Fig. 3, under acidic conditions, a basic compound
like Rho may exist in two forms, neutral and protonated; prono-
tated form generates an extremely resonance stabilized positively
charged material. Changing to an acidic pH gradient (e.g. apical pH
7.4t0 6.5) presumably pushes this equilibrium to the right, LeChate-
lier's principle. The extensive delocalization of Rho-H* causes it
to cross the membrane more slowly, as in the case of verapamil
where protonation impedes trans-membrane movement (Cullis et
al., 1997; Ferté, 2000). A known P-gp substrate, Rho has a lower
cellular accumulation in P-gp expressing cells than in P-gp defi-
cient cells (Ferté, 2000). At 10 wM, Rho appears to be transported
through both -H and -R P-gp binding sites (Shapiro and Ling, 1998).
Consequently, we selected Rho (10 wM) as our excipient screening
assay.

3.3. Excipient in vitro screening

The in vitro screening results, for the novel inhibitors in a Caco-
2 monolayer model with Rho as the substrate, are summarized in
Fig. 4. We included TPGS 1000 and cyclosporine A (CsA) as positive
controls, Rho alone as a negative control, and PEG 1000 and PPG
1000 for comparative purposes. As previously observed (Collnot et
al,, 2007), TPGS analogs having higher and lower molecular weight
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Fig. 4. Caco-2 cell monolayer Bl-to-Ap steady-state (60-120 min) inhibition of Rho
(10 wM) in the presence of excipient (30 wM); mean +S.D., n=4. Groups were com-
pared to Rho. One-way ANOVA followed by a Dunn’s multiple comparison test:
ns = not significant; *P-value <0.05; **P-value <0.01.

PEG tails (5, 6, 8) were weak inhibitors, as were PEG 1000 and PPG
1000. TPGS 1000 (1; 30 wM) reduced Rho in vitro efflux by 33 2%
and CsA afforded complete in vitro efflux inhibition. TPGS PEG side
chain modification, by capping with an oleate ester group (9), gave
slight efflux inhibition enhancement vs. 1; furthermore, TPGS with
a PEG tail of molecular weight 1500 (2) came close to the predicted
optimum.

Hydrophobe modification began to show more profound effects.
Replacement of a-tocopherol with chromanol created a signifi-
cantly more potent inhibitor (4, 59 4 3% efflux inhibition). As with
TPGS, reduction in the molecular weight of the PEG side chain in the
chromanol analog afforded a weaker inhibitor (3, 45 + 15% efflux
inhibition), but the difference between the two was not statistically
significant. As observed previously (Collnot et al., 2007), replace-
ment of a-tocopherol with cholesterol gave a more potent inhibitor
(14, 62+ 1% efflux inhibition). Furthermore, the cholic acid (15,
54 + 1% efflux inhibition) and deoxycholic acid (16, 63 4 3% efflux
inhibition) analogs, having no succinate linker, were significantly
more potent than TPGS 1000 (1).

We obtained even more interesting results when the nature
of the hydrophile was modified, leaving a-tocopherol as the
hydrophobe. Changing a PEG side chain to a PEG-PPG copolymer of
similar chain length (10), we obtained an inhibitor (66 + 3% efflux
inhibition) that was slightly more potent than the cholesterol ana-
log. Capping a PEG-PPG copolymer side chain with n-butyl ether (11,
85 + 1% efflux inhibition) afforded an even more potent inhibitor.
However, the most potent inhibitor of the entire series was obtained
with a pure PPG side chain having a molecular weight equivalent to
that of the PEG side chain of TPGS 1000. This new analog, TPPG 1000
(12), afforded 93 + 2% Rho efflux inhibition in this in vitro Caco-2
monolayer model. The potency of 12 closely approached that of CSA
in this assay and was a highly encouraging result with respect to
dosage size reduction and/or active payload increase potential.

In summary, these in vitro results help to illustrate well
known phenomena regarding non-ionic surfactants; physiochemi-
cal properties (i.e. hydrophobic/hydrophilic modification) are very
important. An excellent review on this topic was described in 1998
by Uchegbu and Vyas; therefore we do not provide an overview in
this report. None the less, two major aspects of the non-ionic surfac-
tantinclude: (1) its inherent ability to form niosomes (Uchegbu and
Vyas, 1998); and (2) the attributes required to cause P-gp inhibition.
In these Caco-2 studies, we used non-ionic surfactants at a concen-
tration of 30 wM; a TPGS 1000 concentration of 30 .M (<0.005 wt%)
was well below the reported CMC (0.02 wt%) of TPGS 1000 and other
related analogs (Collnot et al., 2006, 2007) in Caco-2 buffer solution.
These experimental conditions and results suggest that micelle for-
mation was not prevalent in the Caco-2 experiments and that both
the hydrophobic and hydrophilic ends on the non-ionic surfactant
be important attributes to induce P-gp modulation. These state-
ments are further supported by the fact that TPGS 400 is a better
in vitro and in vivo drug solubilizer than TPGS 1000 (tamoxifen, not
a P-gp substrate, PK data not shown), yet TPGS 400 afforded no
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statistically significant difference in Rho 123 in vitro efflux com-
pared to control. Therefore, a hydrophilic PEG, PPG, or combined
PEG/PPG length between 900 and 1600 Da appears to be optimal to
modulate drug efflux and the optimal length a function of the
hydrophobe moiety.

3.4. Invivo oral absorption

We chose to examine briefly, and in preliminary fashion, the in
vivo performance of our most promising inhibitor candidate, TPPG
1000 (12). We wanted to test its ability to enhance oral bioavail-
ability of a drug with the following characteristics: P-gp substrate,
poor oral bioavailability, and poor solubility. The osteoporosis drug
raloxifene seemed to fit all of our criteria, so we chose to exam-
ine the impact of 12 on raloxifene oral bioavailability in the rat.
We compared raloxifene alone in oral and i.v. dosage forms, ver-
sus orally administered raloxifene in propylene glycol solution with
and without added TPPG 1000; the dosage groups and protocols are
described in the Experimental section.

In Fig. 5 we present profiles of raloxifene and raloxifene glu-
curonide plasma concentration versus time after administration
of oral raloxifene or raloxifene/(12) formulation. For clarity, only
the AUCg_1, data are shown. The PK data has been summa-
rized in Table 4. When administered orally in the absence of
an inhibitor, raloxifene had very poor bioavailability (F). Upon
dosing to male Wistar-Hannover rats, raloxifene powder filled cap-
sules had F=2.6 +0.4%; dosing liquid-filled capsules of raloxifene
in propylene glycol (PG) did not substantially improve matters
(F=2.740.6%). In contrast, orally administered liquid-filled cap-
sules of raloxifene/PG solution containing TPPG 1000 roughly
doubled the raloxifene bioavailability (Group 4, F=5.1 4+ 0.8%).

Raloxifene is rapidly and substantially metabolized in the
gut, largely to glucuronides (Kemp et al.,, 2002). In the case of
oral raloxifene capsule dosing (Group 2), Tmax occurred at 4h
for both drug and glucuronides. In accord with the literature,
Phase II drug metabolism was far more significant (P<0.0001)
via oral administration than by the intravenous route (ratio of
raloxifene glucuronides AUC/raloxifene AUC=0.52+0.20 (oral)
vs. 0.062+0.012 (IV)). Also, after dosing with raloxifene/PG
and raloxifene/PG (12) liquid-filled capsules, raloxifene phase Il
metabolism (Groups 3 and 4) was statistically (P < 0.01) more exten-
sive (raloxifene glucuronides AUC/raloxifene AUC=1.28 4+ 0.60 and
1.21 £ 0.49, respectively) than control (Group 2). While raloxifene
Tmax Values were fairly constant across all other groups, Group 4

160
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Time (h)

Fig. 5. Mean concentration (ng/mL; n=4+S.D.) of raloxifene and raloxifene glu-
curonides from oral administration of solid raloxifene [(M) raloxifene; (OJ) raloxifene
glucuronides] and raloxifene/PG/TPPG 1000 liquid-filled capsules [(a) raloxifene;
(A) raloxifene glucuronides].

(containing TPPG 1000) raloxifene glucuronide Tpax values were
considerably shorter and indicative of a more rapid raloxifene
absorption and metabolism in the presence of inhibitor 12. Fur-
thermore, when the animals were administered raloxifene/PG (12)
liquid-filled capsules (Group 4), the AUC(_7; j, values for raloxifene
glucuronides were significantly (P < 0.01) larger than control (Group
2). Since raloxifene undergoes extensive pre-systemic metabolism,
measurement of raloxifene levels alone may not provide the best
indication of raloxifene uptake from the intestine into the por-
tal blood. A better measure of the effect of 12 on total raloxifene
absorption may be ‘total raloxifene exposure’, measured as (AUC
raloxifene + AUC metabolites)/raloxifene dose. Using this combined
measure (Table 4), it can be seen that administering raloxifene as
raloxifene/PG/(12) liquid-filled capsules caused a 2.4-fold increase
in total raloxifene exposure.

These in vivo data provide initial evidence for BA enhance-
ment of a poorly soluble P-gp substrate (i.e. raloxifene) in the
presence of a novel non-ionic surfactant (i.e. TPPG 1000). How-
ever, one may argue that the observed in vivo enhancement was
a function of improved drug solubility by TPPG 1000 in aqueous
media after dosing and/or enhanced permeability by the PG400
present in the liquid-filled formulation. TPGS 1000 (1) and Cholic
PEG1000 (15) are waxy solids at room temperature; whereas TPPG
1000 (12) is a thick liquid at room temperature. In water at
ambient temperature (24 £+ 1°C), TPGS 1000 (1) exhibited a CMC
~0.01 g/100 mL with a limiting surface tension of 40 dyne/cm. TPPG
1000 (12) had a CMC of ~0.001 g/100mL and a limiting surface
tension of 39dyne/cm. Cholic PEG1000 (15) does not appear to
exhibit a CMC in water, but showed continuous decrease in sur-
face tension up to 0.19 g/100 mL, the highest concentration tested.
Furthermore, a recent communication describes that low surfac-
tant concentrations may inhibit drug precipitation (Dai et al., 2008);
therefore, the above-mentioned argument appears plausible. In our
hands, raloxifene had an aqueous solubility of 0.33 & 0.05 mg/mL
at a pH of 4.0; lower raloxifene concentrations were observed in
various buffers such as phosphate (pH 3.0, 6.5, and 7.3), and cit-
rate (pH 3.2 and 4.8) (Wempe et al., 2007a). A 10mg/kg dose,
assuming a rat weight of 300 g, equates to 3.0 mg of raloxifene;
a 500 pL bolus of water immediately after the capsule dose sug-
gests that at best 5-6% of the raloxifene/MCC dose be in solution
via the acidic GI condition. However, solubility testing in the pres-
ence of simulated gastric fluid was not performed in the past
studies.

Consequently, additional in vivo experiments were performed
(i.e. 20 mg/kg raloxifene in the presence of CMCe with or without
20 mg/kg non-ionic surfactant) using male Sprague-Dawley rats.
For these additional in vivo studies, raloxifene/CMCe and ralox-
ifene/surfactant/CMCe solid formulations were prepared; PG400
was avoided. As summarized in Fig. 6, TPGS 1000 (a known sol-
ubilizer and weak in vitro P-gp inhibitor) was found to enhance
the BA; the control AUCg_p4 was 115+ 16 ngh/mL and statisti-
cally increased (P<0.05) to 304+ 17 ngh/mL in the presence of 1.
Hence, we attribute the majority of the observed increase in the
presence of TPGS 1000 to be via in vivo solubilization enhance-
ment. One may obtain aqueous TPGS 1000 solutions as high as
20wt%. In addition, since 15 was prepared from a polyethylene
glycol material, one might expect to observe similar solubilization
enhancement via 15. On the other hand, inherently derived from
polypropylene glycol versus polyethylene glycol, TPPG 1000 (12)
has poor water solubility compared to TPGS 1000 (1) and Cholic
PEG1000(15) (Bauduin et al., 2005). This translates to a much lower
inherent potential to solubilize raloxifene; the formulation solubil-
ity experiments (see Section 2.9.3) afforded an intrinsic solubility
trend of 1>15>12 > control. The AUCy_»4 (Fig. 6) in the presence
of 15 was 550+ 162 ngh/mL, while in the presence of 12 it was
766 + 109 ng h/mL; both were statistically increased (P<0.01) rela-
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Table 4
Raloxifene groups and pharmacokinetic parameter summary.
GRP Formulation Analyte AUCy_71, (ng h/mL) Tz () Cimax (ng/mL) Total exposure® Fe (%)
Intravenous
1 Raloxifene solution Raloxifene 11860 + 15442 <5min 2800 + 4322 1424 + 165 100
Glucuronidesd 728 + 1082 0.25+0.10 206 + 432
Oral
2 Raloxifene Raloxifene 300 + 41 4.0+0.5 429 + 4.2 55 + 10 2.6+04
(capsules) Glucuronides? 153 £ 55 4.0+0.5 243 + 15.6
3 Raloxifene/PGP Raloxifene 321 + 76 ns 5.0+0.5 ns 46.5 + 41.8 ns 94 + 23 ns 2.7+0.6 ns
(lig. fill capsules) Glucuronides? 391 £ 152 ns 5.0+05" 54.3 + 40.9 ns
4 Raloxifene/PG/TPPG 1000 Raloxifene 602 + 80" 454+0.5ns 87.8 +39.2 ns 132 + 357 5.1+08"
(lig. fill capsules) Glucuronides? 719 + 2717 2.5+0.5" 79.2 + 51.9 ns

Groups 3-4 were compared to Group 2. One-way ANOVA followed by a Dunn’s multiple comparison test: ns = not significant.

" P-value <0.05.

™ P-value <0.01.

=AUCy_7, are normalized to a 10 mg/kg dose.

(N=3).

Total raloxifene exposure = [(AUC raloxifene + AUC glucuronide)/Raloxifene dose].

a n T o

Glucuronides are concentration of raloxifene 6-f3-glucuronide + raloxifene 4’-3-glucuronide.

¢ Oral bioavailaility was calculated using the AUCy_7, for raloxifene only, not raloxifene + metabolites.
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Fig. 6. Mean concentration (ng/mL; n=3 +S.D.) of raloxifene from oral administra-
tion of different formulations: raloxifene/CMC (O); raloxifene/TPGS 1000/CMC (a);
raloxifene/Cholic PEG1000/CMC (4); and raloxifene-/TPPG 1000/CMC (O).

tive to control. These data further illustrate, relative to TPGS 1000
(1), that an enhancement in AUC of raloxifene was observed in
the presence of 15 and 12, presumably via enhanced efflux inhi-
bition.

4. Conclusion

These studies were intended to identify promising P-gp inhibitor
candidates from a family of non-ionic surfactants which are
structurally related to the hydrophobe-linker-hydrophile construct
present in TPGS 1000. Our expanded SAR studies have captured
several promising new candidates. Using TPGS 1000 as the funda-
mental template, the hydrophobe a-tocopherol may be replaced by
cholic acid, deoxycholic acid, cholesterol, or chromanol. These new
inhibitors (4, 14-16), relative to TPGS 1000, had superior in vitro
performance. Hydrophile replacement proved even more benefi-
cial, with PPG derivatives performing particularly well. The most
promising P-gp inhibiting analog from this research was TPPG
1000 (12), where the TPGS 1000 PEG side chain was replaced
with a PPG side chain of equal molecular weight. This analog
not only approached the in vitro potency of a well-known P-gp
inhibitor (CsA), but worked in vivo to afford a statistically signif-
icant enhancement in raloxifene (a P-gp substrate) bioavailability
in rats. There is no reason, a priori, to believe that such TPGS 1000
modifications (e.g., substitution of cholesterol for a-tocopherol, or

substitution of PPG 1000 for PEG 1000) would substantially increase
the toxicity of formulations containing these new inhibitors, though
of course considerable safety testing will be required to confirm this
belief.

These results are an important step towards rational inhibitor
design; P-gp inhibitors designed to be (i) excipients; (ii) safe; and
(iii) more potent P-gp inhibitors and enhancers of the bioavailabil-
ity of orally administered drugs. They may, at a minimum, enable
smaller dosage forms, and higher drug payloads in such dosage
forms. Given the published literature on polymeric, non-ionic sur-
factant P-gp inhibitors, and the history of their identification and
development, it was perhaps not predictable that one would be
able to design members of this family that could compete with
CsAin potency. These results are therefore highly promising toward
safe and effective drug delivery systems development. Future work
will encompass: (i) further expansion of the SAR work; (ii) safety
testing of the most promising candidates; and (iii) in vivo bioavail-
ability enhancement confirmation using additional P-gp substrate
drugs, attempts to gain additional insight into the importance of
drug/surfactant ratio, combinations of multiple non-ionic surfac-
tants, in vivo food effects, etc.
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