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Abstract

Gabapentin is thought to be absorbed from the intestine of humans and animals by
alow capacity solute transporter localized in the upper small intestine. Saturation of this
transporter at doses used clinically leads to dose-dependent pharmacokinetics and high
inter-patient variability, potentially resulting in suboptimal drug exposure in some
patients. XP13512 [(+)-1-([ (a-isobutanoyl oxyethoxy)carbonyl]aminomethyl)-1-
cyclohexane acetic acid] isanovel prodrug of gabapentin designed to be absorbed
throughout the intestine by high capacity nutrient transporters. XP13512 was stable at
physiological pH but rapidly converted to gabapentin in intestinal and liver tissue from
rats, dogs, monkeys, and humans. XP13512 was not a substrate or inhibitor of major
CY P450 isoforms in transfected baculosomes or liver homogenates. The separated
isomers of XP13512 showed similar cleavage in human tissues. The prodrug
demonstrated active apical to basolateral transport across Caco-2 cell monolayers and
pH-dependent passive permeability across artificial membranes. XP13512 inhibited
uptake of **C-lactate by HEK cells expressing monocarboxylate transporter type 1
(MCT-1) and direct uptake of prodrug by these cells was confirmed using LC/MS/MS.

X P13512 inhibited uptake of ®H-biotin into CHO cells over-expressing human sodium
dependent multivitamin transporter (SMVT). Specific transport by SMVT was
confirmed by oocyte el ectrophysiology studies and direct uptake studiesin HEK cells
after tetracycline-induced expression of SMVT. XP13512 istherefore a substrate for
several high capacity absorption pathways present throughout the intestine. Therefore,
administration of the prodrug should result in improved gabapentin bioavailability, dose-

proportionality, and colonic absorption compared to administration of gabapentin.
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INTRODUCTION

Gabapentin (Fig.1) isastructural analog of GABA currently marketed in the U.S.
for treatment of epilepsy (McLean, 1999) and post-herpetic neuralgia (Rowbotham et al.,
1998; and Rice et al., 1999) under the brand name Neurontin®. The drug has also shown
efficacy in the treatment of a variety of off-label indications, including restless legs
syndrome (Garcia-Borreguero et al., 2002), anxiety disorders (Pollack et al., 1998), hot
flashes (Guttoso et al., 2003), diabetic neuropathy (Backonja et al., 1998), and other
painful neuropathies. The clinical pharmacokinetics of gabapentin have been studied in
healthy volunteers and patients with epilepsy (McLean, 1995; Gidal et al., 1998; Boyd et
al., 1999; Gidal et a., 2000).

Gabapentin bioavailability is dose-dependent, decreasing from an average of
about 60% at a 300 mg dose to about 35% at doses used to treat neuropathic pain. The
underlying mechanism of this dose-dependence is thought to be saturation of gabapentin
absorption from the intestine. Gabapentin is absorbed by alow capacity solute
transporter localized in the upper small intestine, possibly an L-type amino acid
transporter (Stewart et al., 1993; Uchino, 2002). The absorption pathway for gabapentin
in human intestine can be saturated at doses that are used to treat neuropathic pain. Asa
result, plasmalevels of gabapentin are unpredictable and may not reach therapeutically
useful levels in some patients(Gidal et al., 2000). It has been reported recently that
exposure to gabapentin at high oral doses increased in alinear manner (Berry et al.,
2003). However, this study was based on limited data from less than 10 subjects, only 4
of which reached the highest dose of 4800 mg/day. Several larger clinical studies have

clearly demonstrated the lack of dose proportionality for oral gabapentin (Gidal et al.,
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1998; Neurontin Summary Basis of Approval, NDA 20-235, U.S. Food And Drug
Administration). The large inter-patient differences in plasma gabapentin exposure
observed clinically are likely the result of highly variable intestinal expression of the
gabapentin trangporter between individuals and the narrow localization of the transporter
in the small intestine. A subset of patients appear to have limited ability to absorb
gabapentin, possibly due to alower abundance of the transporter in their intestines. This
phenomenon may contribute to the relatively high incidence of non-responders to
Neurontin therapy reported in clinical trials (Rice et al., 1999; Backonjaet al., 1998).

Following oral absorption, gabapentin is rapidly excreted in the urine with a half-
life of approximately 5 —7 hours. Asaresult, gabapentin must be administered three or
four times per day to maintain therapeutic levels. It has been shown that dosing regimens
requiring three or four doses per day lead to significant noncompliance in epilepsy
patients (Richter et al. 2003). To date, efforts to develop a sustained release formulation
of gabapentin have failed, primarily due to the lack of significant absorption of the drug
in the large intestine (Kriel et a., 1997).

XP13512 (Fig. 1) isanovel prodrug of gabapentin designed to overcome the
pharmacokinetic limitations of gabapentin. The prodrug was engineered to be recognized
as a substrate by two high-capacity nutrient transporters that are broadly distributed in the
intestinal tract of humans. The first of these transporters, monocarboxylate transporter
type 1 (MCT-1), is expressed along the length of the intestine and is responsible for the
absorption of small chain fatty acids derived from the diet or produced by intestinal
microflora (Enerson and Drewes, 2003; Halestrap and Price, 1999). It hasahigh

transport capacity, although its affinity for substratesis relatively low. The second, the

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 14, 2004 as DOI: 10.1124/jpet.104.067934
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #67934

sodium-dependent multivitamin transporter (SMVT), isalso expressed in both the small
and large intestine. SMVT isresponsible for absorption of the essential cofactors biotin,
lipoate, and pantothenate (Wang et al., 1999). While its transport capacity may not be as
high asthat of MCT-1, it recognizes substrates with higher affinity (Prasad et al, 1999a).

XP13512 was further designed to undergo efficient enzymatic hydrolysis to
gabapentin in tissues encountered after absorption, with the release of non-toxic
breakdown products. A series of related acyloxyalkylcarbamate compounds were
synthesized and the ultimate choice of XP13512 asthe lead candidate was based on
cumulative information on physicochemical properties, enzymatic stability, transport, and
in vivo pharmacokinetics. The purpose of the current work was to evaluate in vitro the
metabolism and transport properties of XP13512 in comparison to gabapentin. A
companion manuscript describes the effect of the superior transport properties of
XP13512 on the resulting oral bioavailability, dose-proportionality, colonic absorption,
and tissue distribution of gabapentin in preclinical species (Cundy et al., companion

manuscript).
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Materials and Methods

Materials. Gabapentin ((1-aminomethyl)-cyclohexaneacetic acid) was obtained
from Teva Pharmaceuticals U.S.A. (North Wales, PA). Gabapentin hydrochloride salt
and was synthesized from commercial gabapentin at XenoPort, Inc. *H-Biotin (44
Ci/mmol) and **C-lactate (162 mCi/mmol) were from Amersham Biosciences
(Piscataway, NJ). [1-Aminomethyl-**C]-gabapentin (162 mCi/mmol) was from NEN
Life Sciences (Boston, MA). 3-Cyano-7-ethoxycoumarin (CEC), 3-cyano-7-
hydroxycoumarin (CHC), 7-methoxy-4-trifluoromethylcoumarin (MFC), 7-hydroxy-4-
trifluoromethyl-coumarin (7-HFC), 7-benzyloxy-4-(trifluoromethyl)-coumarin (BFC),
Supersomes™ (CYP1A2+0R, CYP2C9+0OR+b5, CY P2C19+OR+b5, CYP2D6+0R,
CY P3A4+0OR+b5, and CY P2E1+OR+b5) were obtained from BD Gentest™ (Woburn,
MA). All other chemicals were obtained from Sigma-Aldrich Inc. (St. Louis, MO).
Human and rat liver 9000 x g supernatant (S9) and liver microsomes were obtained from
XenoTech LLC (Lenexa, KS). Human plasma was from Tennessee Blood Services, Inc.
(Memphis, TN). Rat plasmawas from Pel-Freez (Rogers, AR). Additiona rat plasma
was prepared fresh from blood obtained from male Sprague-Dawley rats by cardiac
puncture. Blood was collected in heparinized tubes and processed for plasma at 4°C.
Plasma was frozen and maintained at -80°C prior to use. Caco-2 S9 was prepared from
cultured Caco-2 cells grown in flasks over 21 days. Cells were rinsed/scraped off into
ice-cold 10 mM sodium phosphate/0.15 M potassium chloride, pH 7.4. Cellswere lysed
by sonication at 4°C using a probe sonicator and centrifuged at 9,000 x g for 20 minutes
at 4°C and the aliquots of the resulting supernatent (S9) were transferred into 0.5 ml vials

and stored at -80°C prior to use.
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Synthesis of (+)-1-([(a-I sobutanoyloxyethoxy)car bonylJaminomethyl]-
1-Cyclohexane Acetic Acid (XP13512) (1). Gabapentin (120.4 g, 0.704 mol) was added
to dichloromethane (1.6 L) in a 5-liter, round bottom flask, followed by triethylamine
(294 mL, 2.11 mol). Chlorotrimethylsilane (178 mL, 1.40 mol) was added slowly while
maintaining the reaction temperature below 15 °C, and the resulting suspension was
stirred for 30 min. 1-Chloroethyl chloroformate (100 g, 0.704 mol) was added slowly
while maintaining the temperature below 15°C. Triethylamine (88 mL, 0.63 mol) was
added and the resulting suspension was stirred at room temperature for 30 min. The
resulting silyl ester was converted to the corresponding acid by washing the reaction
mixture with water (2 x 1 L), followed by 1IN HCI (2 x 2 L) then brine (2 x 500 mL).
After drying over anhydrous sodium sulfate and removal of the solvent in vacuo, the
crude product (190 g) was obtained as an orange oil and used in the following step
without further purification. Triethylamine (395 ml, 2.84 mol) was added to isobutyric
acid (254 g, 2.9 mol) in a 3-liter, round bottom flask and the reaction mixture was cooled
to room temperature. A solution of crude acid from the above reaction step (190 g, 0.69
mol) in dichloromethane (80 mL) was added slowly, maintaining the temperature below
30°C. Theresulting pale yellow solution was stirred overnight. The reaction mixture
was then diluted with one volume of dichloromethane and washed with water (6 x 500
mL), agueous potassium bicarbonate (3 x 500 mL), and brine (2 x 500 mL). After drying
over anhydrous sodium sulfate, removal of the solvent in vacuo afforded the crude
product asadark red ail (87 g). The crude product was purified in two batches (2 x 35 g)
by column chromatography on an 800 g normal phase silica gel flash column (Biotage,

Charlottesville, VA) eluting with 40% diethyl ether in hexane (6 L). Evaporation of the
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solvent in vacuo gave XP13512 asa colorless ail (27 g). The prodrug was dissolved in
ethyl acetate:heptane (1:10) at 60 °C and crystallized by slow cooling to 4°C. The white
crystalline product (21 g) was isolated by filtration. *H NMR (CDCls, 400 MHz): & 1.15
(d, 6H), 1.40 — 1.55 (m, 10H), 1.45 (d, 3H), 2.32 (s, 2H), 2.49 — 2.56 (m, 1H), 3.23 (d,
2H), 5.41 (t, 1H), 6.75 (g, 1H). MS(ESI) mVz330.29 (M+H"). CHN analysis calculated
for Ci6H27NOs: C, 58.34; H, 8.26; N, 4.25; O, 29.14. Found: C, 58.57; H, 8.23; N, 4.26;
0, 29.22. XP13512isacrystalline solid with amelting point of 65°C. The pKa of the
freeacidis5.0. Calculated logP (clogP) and clogD values for XP13512 are 3.07 and 0.43
(pH 7.4), respectively. XP13512 contains one chiral center (the acetal carbon) and is
synthesized as aracemate. XP13512 was further separated into its two enantiomers by
preparative chiral HPLC using a ChiralPak AD-RH column (21 x 250 mm, 5 um particle
size, Chiral Technologies, Inc.).

Synthesis of Sodium (z)-1-([( a-1sobutanoyloxyethoxy)car bonyl]amino-
methyl)-1-Cyclohexane Acetate (XP13512 sodium salt). XP13512 (27 g, 82 mmol)
was dissolved in acetone (40 mL) and water (25 mL) in a250 mL beaker. Agueous
sodium carbonate (1.0 M) was added slowly in 2 mL aliquots with stirring. After
addition of 0.49 eq. base (40.1 mL of sodium carbonate solution) the pH was 7.3.
Acetone was removed in vacuo at 25 °C and the final pH was ~6.5. The remaining
agueous solution was lyophilized for two daysto yield the sodium salt, which was stored

in adesiccator.
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In Vitro Stability Studies

Chemical Stability. Bufferswere prepared at pH 2.0 (using 0.1M potassium
phosphate and 0.5 M sodium chloride), pH 7.4, and pH 8.0 (using 0.1 M Tris-HCI and
0.5 M sodium chloride). Compounds (5 uM) were incubated with buffers at 37°C for 1
hour in atemperature-controlled HPLC autosampler. Samples were injected at zero and
1 hour post-addition and analyzed by LC/MS/M S as described below.

Metabolic Stability. XP13512 (5 uM) was incubated with the following
matrices at 37°C for 1 hour: 90% rat or human plasma; rat and human liver SO at 0.5 mg
protein/mL in the presence of 1 mM NADPH at pH 7.4; Caco-2 S9 (0.5 mg protein/mL)
at pH 7.4; porcine pancreatin (10 mg/mL in pH 7.5 buffer). XP13512 sodium salt (10
uM) was incubated with plasma, intestinal S9, lung S9, liver S9, and kidney SO from rats,
dogs, monkeys, and humans at 37°C for 1 hour. All preparations contained 1 mg
protein/mL. Samples were obtained at intervals over 1 hour post-addition and were
immediately quenched with methanol to prevent further conversion. Quenched samples
were frozen and maintained at -80°C prior to analysis. Samples were analyzed by
LC/MS/MS as described below. The rate of conversion of XP13512 to gabapentinin
each matrix was calculated in pmol/min/mg protein.

Inhibition of Specific CYP450 I soforms by XP13512.  The ability of
XP13512 to inhibit cytochrome P450-mediated metabolism was examined by standard
methods using specific CY P450 isoforms expressed in baculosomes (Supersomes™,
Gentest, Woburn, MA). Standard substrates were employed that generate fluorescent
metabolites: 50 uM 7-Benzyloxy-trifluoromethycoumarin (CY P3A4); 5 uM 3-Cyano-7-

ethoxycoumarin (CYP1A2); 75 uM 7-Methoxy-trifluoromethylcoumarin (CY P2C9); 25

10
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uM 3-Cyano-7-ethoxycoumarin (CYP2C19); 1.5 uM 3-[2-(N,N-Diethyl-N-
methylamino)ethyl]-7-methyoxy-4-methylcoumarin) (CYP2D6); 70 uM 7-Methoxy-4-
trifluoromethyl coumarin (CY P2E1). Experimentswere conducted in a 96 well format
and all incubations included an NADPH cofactor mix. The final concentration of

CY P450 protein in each incubation was 2.5 t0 5.0 pM. XP13512 and positive control
compounds were serially diluted in the solution of NADPH generation system to give
final concentrations of up to 400 uM. The resulting solutions were incubated with a
specific CY P450 isoform and the related substrate at 37 °C for 15 to 45 minutes and
incubations were quenched by addition of 80% acetonitrile/ 20 % 0.5 M Trisbase. The
samples were analyzed using a FlexStation fluorescence plate reader (Molecular Devices
Corp., Sunnyvale, CA).

Metabolism by CY P450 I soforms. Studies were also performed to determine
the role of specific CY P450 isoforms in the metabolism of XP13512 using human liver
S9 and standard inhibitors (25 uM) of each isoform:(furafyline (CYP1A2);
sulfaphenazole (CY P2C9); tranylcypromine (CY P2C19); quinidine (CY P2D6); and
diethylditiocarbamic acid (CYP2E1). Due to an assay interference from ketoconazole,
the specific role of the CYP3A4 isoform was examined using Supersomes™ and
comparing to a control incubation in the absence of CYP3A4. All experiments used 1
mM NADPH as the cofactor and were conducted in a 96 well format. Human liver SO
fraction or Supersomes were pre-incubated with each inhibitor and XP13512 (5 uM) was
added to initiate the experiment. The disappearance of XP13512 was examined over the
course of 10 minutes at 37°C. Samples were obtained at zero and 10 minutes post-

addition and were immediately quenched with methanol to prevent further conversion.

11
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Quenched samples were frozen and maintained at —80°C prior to analysis. Samples were
analyzed by LC/MSMS as described below.

Protein Binding in Human Serum Albumin. Protein binding of XP13512 was
determined by centrifugal ultrafiltration. XP13512 (5 - 100 uM) was incubated in human
serum albumin (HSA) (10 mg/mL in 25 mM Tris buffer at pH 7.4) at 37 °C for 60
minutes. A control incubation of XP13512 was performed in the same buffer without
HSA. The samples were transferred to Ultrafree-M C 30,000 molecular weight cutoff
filters (Millipore, Billerica, MA) and centrifuged at 4300 rpm for 30 minutes. The
unbound XP13512 concentration in the filtrates was determined by LC/MSMS.

In Vitro Transport Studies

Céell Culture. Expression plasmids for specific solute transporters (SMVT,
MCT-1) were cloned by Polymerase Chain Reaction (PCR) using standard techniques
from commercially available cRNA (Clontech, Palo Alto, CA). Human embryonic
kidney (HEK) cells, Chinese hamster ovary (CHO) cells, Caco-2 cdlls, KB cells, and
Madin-Darby canine kidney (MDCK) cells were obtained from the ATCC (Manasas,
VA) and cultured as indicated by the supplier. An HEK-derived cell line (PEAK ™
cells) was obtained from Edge BioSystems (Gaithersburg, MD) and was shown to
endogenously express high levels of MCT-1 based on quantitative PCR (Woodford and
Zerangue, unpublished data). HEK cells conditionally expressing SMVT were isolated
by transfecting the SMV T expression plasmid into HEK-TREX host cells (Invitrogen,
Carlsbad, CA), selecting for G418-resistant clones and identifying clones with robust
inducible expression as per manufacturer’ sinstructions. CHO cells stably expressing

SMVT wereisolated after transfection of the SMVT expression plasmid and clones were
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identified by screening for robust radiolabeled substrate uptake. Xenopus laevis frogs
were obtained from Xenopus-one (Dexter, M1) and housed as recommended. Oocytes
were harvested from frogs using standard protocols (Wang, 1999). Thefollicles were
removed and the oocytes were injected with cRNA encoding human SMVT or MCT-1.

Transeptithelial Transport. Caco-2 and MDCK cells were seeded into 24-well
transwell plates with 3um filters (Corning/Costar, Acton, MA) at adensity of 500,000
cellswell and allowed to differentiate in the transwell plates; 21 days for Caco-2 or five
daysfor MDCK cells. Test compounds were dissolved into either pH 6.5 (apical MES
buffer) or pH 7.4 (basolateral HBSS buffer) at concentrations of 100 to 200 uM and
added to the appropriate chambers. Samples were removed from the receiving chambers
at various time points and transport was measured by determining the concentration of
XP13512 and gabapentin (produced by esterase cleavage within the epithelial cells) by
LC/MS/MS (as described below). Apparent permeability coefficients (Pap) were
calculated by standard methods (Stewart, 1995). Integrity of the monolayer was
confirmed by determining the permeability of *H-inulin. If greater than 0.5% of the
inulin was detected in the receiving chamber, the transwells were discarded. The control
compound propranolol was simultaneously evaluated to demonstrate batch-to-batch
consistency of Caco-2 cell monolayers. The Papp value for this compound was
approximately 2.0 x 10-5 cm/sec.

Artificial Membrane Per meation Assays. Artificial membranes were prepared
by adding 4 uL of 2% (w/v) dioleoylphosphatidylcholine in dodecane onto the
hydrophobic filters (0.45 uM polyvinylidene fluoride) on the base of the wells of a 96-

well donor plate (Millipore, Bedford, MA). Gabapentin or XP13512 (150 uL of 50 uM

13
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solution in 0.1M Tris buffer, pH 6.5 or 7.4) were added to the donor wellsin triplicate.
The plate was placed onto a 96-well acceptor plate (Agilent, Wilmington, DE), in which
each well contained 400 puL 0.1 M Tris, pH 7.4. Following incubation for two hours at
room temperature, samples of the donor and receiver chambers were removed for
analysisby LC/MS/MS. The permeability coefficient through the artificial membrane
(Pam) was calculated using standard methods (Sugano, 2001).

Competition Assays. HEK cdlls expressing MCT-1, CHO cells expressing
SMVT, or KB cells endogenously expressing LAT1 were plated (100,000 cells/well) into
white 96-well clear bottom plates (Greiner Bio-One, GmbH, Germany) precoated with
poly-D-lysine. Cellswere grown at 37°C under standard cell culture conditions for one to
two days before use. Radiolabeled substrate (**C-lactate for MCT-1, *H-biotin for
SMVT, and **C-gabapentin for LAT1) were added to each well (~50,000 cpm/well) in
the presence or absence of various concentrations of gabapentin or XP13512 in duplicate.
Plates were incubated at room temperature for 2 to 60 min. Excess radiolabel ed substrate
was removed and cells washed three times with a 96-well plate washer with cold assay
buffer. Scintillation fluid was added to each well and the plates were sealed and counted
in a96-well plate-based scintillation counter. Data were subjected to non-linear
regression analysis using Prism Software (GraphPad, Inc., San Diego, CA).

Uptake into Mammalian Cells. Uptake of XP13512 by MCT-1 was examined
in HEK-derived cells endogenously expressing the transporter. Cells were seeded in 96-
well poly-D-lysine-coated plates (100,000 cells/well) and grown for one to two days.
Cells were washed and incubated with 1 mM XP13512 (with or without 10 mM lactate)

for 5 minin HBSS assay buffer (pH 6.8) in quadruplicate. Excess substrate was removed
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by washing with cold assay buffer. Cellswere lysed using 50% ethanol/water and the

cell debriswas pelleted by centrifugation. The supernatant was analyzed by LC/MS/MS.

HEK cells conditionally expressing SMV T were seeded in 96-well plates (100,000
cells/'well). One day after seeding, tetracycline (1 ng/mL) was added to half of the wells
to induce the expression of SMV T on the surface of the cells. After overnight treatment,
the cells were incubated with XP13512 (12.5 to 100 uM) for 60 min in HBSS buffer (pH
7.4) in quadruplicate. Phenylalanine (10 mM) was included in all incubations to inhibit
the uptake of gabapentin through the endogenous L-type amino acid transporter (LAT1)
expressed in HEK cells. Excess compound was removed by washing with cold assay
buffer, and cells were lysed and prepared as above for LC/IMSM S analysis.
Electrophysiology Assay in SMVT-Expressing Oocytes. SMVT isan
el ectrogenic sodium-dependent transporter. The SMV T-mediated transport of XP13512
was evaluated by standard two-el ectrode voltage clamp electrophysiology experiments
using Xenopus laevis oocytes expressing hSMVT. Oocytes were selected two to four
days after injection of SMVT-cRNA. Expression of SMVT on the surface of the oocytes
was confirmed by uptake of *H-biotin. Gabapentin and XP13512 (0.2 to 54 uM) were
each applied to oocytes in the bath solution for ~ 2-5 seconds and the induced currents
were monitored. Control experiments were conducted using uninjected oocytes.
Maximal currents observed after compound addition were expressed as a percent of the
maximal current seen with 0.5 mM biotin to normalize for batch-to-batch variations.
Dose response curves were analyzed by non-linear regression using Prism software.
Direct Uptake by MCT-1-Expressing Oocytes. MCT-1-mediated transport of

XP13512 was evaluated by direct measurement of uptake into transfected oocytes.
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Oocytes were selected two to four days after injection with MCT-1-cRNA. MCT-1-
expressing and uninjected oocytes (negative control) were incubated with XP13512 (0.25
to 1.0 mM) (four oocytes per sample; two or three samples per concentration) at room
temperature for 5 minutes. Oocytes were removed, washed with fresh assay buffer three
times, and extracted as described above. Concentrations of prodrug and gabapentin in
cell lysates were determined by LC/MS/MS. Uptake of prodrug was compared for
oocytes expressing MCT-1 and uninjected oocytes to determine the passive and MCT-
mediated components of transport.

Analytical Methods. Samples were analyzed immediately or frozen and stored at
-80°C prior to analysis by a sensitive and specific LC/MS/M S method for s multaneous
determination of prodrug, gabapentin, and gabapentin lactam. The system comprised 2
model LC-10Advp pumps and a model SCL-10Avp controller (Shimadzu Scientific
Instruments, Inc., Columbia, MD) with aModel HTS-PAL autosampler with cooling
stack (Leap Technologies, Carrboro, NC). The column was aZorbax XDB C8 (5 um;
150 x 4.6 mm) (Agilent Technologies, Palo Alto, CA). The mobile phase was A: 0.1%
formic acid in water and B:0.1% formic acid in acetonitrile, with aflow rate of 800
pL/min (200 uL/min to the detector) and alinear gradient from 5% B to 98% B over 3.5
minutes. The detector was an APl 2000 LC/MS/MS (Applied Biosystems, Foster City,
CA) and the MRM transitions (amu) were 330.10 and 197.97 for XP13512, 172.10 and
137.20 for gabapentin, 154.00 and 95.00 for gabapentin lactam. The injection volume
was 20 uL. The method was linear for XP13512 over the concentration range 0.004 to

2.5 ng/mL and for gabapentin or gabapentin lactam over the range 0.004 to 10 ug/mL.

16

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on May 14, 2004 as DOI: 10.1124/jpet.104.067934
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #67934

The limit of quantitation for all three analytes was 0.004 ug/mL. Intraday precision (%

CV) was <17% for all three analytes; intraday accuracy (% deviation) was <12%.
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Results

In Vitro Metabolism.

Chemical and Metabolic Stability. Table 1 shows the extent of conversion of
XP13512 to gabapentin after incubation of XP13512 with various buffers or tissue
preparations. XP13512 was chemically stable for 1 hour at 37°C over the pH range 2 to
8. Hydrolysis of XP13512 to gabapentin was slow in human plasma, moderatein
pancreatin and Caco-2 cell homogenate, and rapid in rat plasma or human and rat liver
homogenates. Release of gabapentin was quantitative and no gabapentin lactam, (3), was
detected in any of the incubations (limit of detection 1%). Similar rates of hydrolysis of
XP13512 sodium salt to gabapentin were seen in tissues from rats, monkeys and humans,
whereas conversion of XP13512 sodium salt to gabapentin in tissues from dogs was
dower (Table 2). Notably, the formation of gabapentin lactam (3), a potential metabolite
of XP13512, was not observed in vitro in any of the tissues examined.

CYP450 Metabolism Studies. XP13512 produced no significant inhibition of
the mgjor isoforms of CY P450 (CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and
CYP3A4) at concentrations up to 400 uM. In addition, XP13512 was not a substrate for
any of theseisoforms of CY P450 in human liver SO (CYP1A2, CYP2C9, CY P2C19,
CYP2D6, CYP2EL) or transfected baculosomes (CY P3A4).

Protein Binding of XP13512 in Human Serum Albumin. XP13512 was 78-
87% bound to human serum albumin over the concentration range 5 - 100 uM. Protein
binding of gabapentin itself in plasma of rat, monkey, and human has been previously

reported as < 3% (Radulovic, 1995).
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Metabolic Stability of XP13512 | somers. Table 3 shows the extent of
conversion of theindividual XP13512 isomers to gabapentin after incubation with tissue
preparations. Minor differences were observed in rat tissues, but the extent of conversion
of the two isomers to gabapentin was essentially identical in human plasma, human liver

S9 and Caco-2 cell 9.

In Vitro Transport Studies

Transepithelial Transport AcrossPolarized Cells. Table 4 compares the
epithelial cell permeabilities of gabapentin and XP13512 determined in Caco-2 and
MDCK cell monolayers. The calculated apparent permeability constant (Papp) for
gabapentin was low in both cell types and in both directions, consistent with poor passive
absorption. XP13512 was partially hydrolyzed during transit through these cells. The
Papp Values for XP13512, determined from the sum of the prodrug and released
gabapentin appearing in the receiving chamber, were greater than 5 x 10° cm/sec in both
cell types, suggesting the prodrug will be efficiently absorbed in vivo (Stewart et al.,
1995). In addition, transport of the prodrug in the apical to basolateral direction was
approximately 3- to 5-fold greater than from basolateral to apical.

MCT-1-Mediated Transport. Both XP13512 and gabapentin were tested for
their ability to compete with uptake of **C-lactate, a natural substrate for MCT-1, in
HEK-derived cells endogenously expressing high levels of MCT-1 (Fig. 2a). The
prodrug inhibited the uptake of lactate with an 1Cso of 620 uM, whereas gabapentin did
not significantly interact with MCT-1. Uptake of XP13512 measured in these cells by

LC/MS/M S was decreased 50% by excess lactate demonstrating that transport of prodrug
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into cellswas in part mediated by MCT-1 (Fig. 2b). Thedirect uptake of XP13512 into
MCT-1-expressing oocytes was greater than into uninjected oocytes (Fig. 3a), as
measured by LC/MS/MS. A significant portion of thistotal uptake was therefore
dependent on the expression of MCT-1. Analysis of the MCT-1-specific component
(Fig. 3b) revealed a saturable uptake with a Km of approximately 220 uM and a Vmax of
~ 6 pmol/oocyte. Uptake of XP13512 into uninjected oocytes may have been the result
of passive diffusion or transport by an endogenous monocarboxylate transporter reported
to be expressed in Xenopus oocytes (Tosco et al., 2000).

SMVT-Mediated Transport. XP13512 inhibited biotin uptakeinto SMVT-
expressing CHO celswith an ICsp of 12 uM, while gabapentin itself did not interact with
SMVT (Fig. 4). XP13512 showed a dose-dependent increase in induced currents in
voltage-clamped SMV T-expresssing oocytes (Fig 5a). No currents were induced in
uninjected oocytes. Currents induced by XP13512 were abolished when SMVT-
expressing oocytes were pretreated with 0.5 mM biotin, confirming that these currents
were specific to SMVT. The reative maximum currents induced by XP13512 (Fig. 5b)
indicate that XP13512 is a substrate for SMVT with aKm of ~ 3 uM and a Vmax of ~
40% of that produced by biotin. Direct uptake of XP13512 was confirmed in HEK cdlls
conditionally expressing SMV T upon treatment with tetracycline (data not shown).
SMVT expression was required for biotin uptake, and no specific uptake of gabapentin
was seen. XP13512 was not detected in these cells; however, gabapentin derived from
intracellular hydrolysis of XP13512 was detected. The level of uptake was high, and a
portion of that uptake appeared to be mediated by SMVT. The remaining uptake was

likely due to a combination of passive diffusion and transport by MCT-1, whichis
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endogenously expressed at high levelsin HEK cells. Analysis of the effect of prodrug
concentration on the SMV T-mediated portion revealed saturable uptake with a Km of ~
20 uM, comparable to the affinity of this compound for SMVT determined from the
competition and electrophysiological assays.

LAT1-Mediated Transport. XP13512 did not significantly inhibit the uptake of
radiolabeled gabapentin by LAT1 in KB célls (ICso > 1 mM). In addition, XP13512 did
not stimulate the release of radiolabeled gabapentin from pre-loaded LAT1-expressing
cells. Theseresultsindicate that XP13512 is not asubstrate for LATL.

Transport across Artificial Lipid Membranes. A paralle artificial membrane
assay was used to study the passive permeability of XP13512, independent of active
transport mechanisms. The resulting permeability coefficients (Pam) determined for
XP13512 and gabapentin are shown in Table 5. Data are compared to control
compounds with high, medium, and low passive permeability properties (diltiazem,
metoprolol, and acyclovir, respectively). Permeability was tested at both pH 6.5 and 7.4.
The permeability coefficient for the prodrug was greater at the lower pH, consistent with

this compound having higher passive permeability propertiesin its uncharged state.
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Discussion

At physiological pH, gabapentin is a zwitterion with limited ability to permeste
cellular membranes by passive diffusion. Several studies have suggested that gabapentin
isasubstrate for saturable solute transporters expressed in the intestine and blood brain
barrier (Stewart et al., 1993; Uchino et al., 2002). Transport of gabapentin into the brain
probably involves the L-type amino acid transporter LAT1, which is abundantly
expressed in both the luminal and abluminal membranes of rat brain capillary endothelial
cells (Matsuo et a., 2000; Dudlli et al., 2000). In contrast, LAT1 isnot significantly
expressed in human intestine (Prasad et al., 1999b). Gabapentin is not a substrate for the
intestinal amino acid transporters BO,+, ATBO+, or LATZ2 in transfected oocytes,
whereasit isa substrate for the organic anion transporter OCTN2 (Zerangue, 2003).
However, the lack of significant absorption of gabapentin from the colon (Kriel et al.,
1997) appears inconsistent with the widespread intestinal expression of OCTN2 in both
the small and large intestine (Slitt et a., 2002). While OCTN2 may mediate apical
uptake of gabapentin in the intestine, an understanding of the basolateral transport of
gabapentin is necessary to explain localized absorption of the drug in the upper Gl tract.
XP13512 isaprodrug of gabapentin designed to be absorbed throughout the Gl tract by
high capacity nutrient transporters. Reversible modification of either the amine or
carboxylate functionalities of gabapentin yields compounds that are monoanionic or
monocationic at physiological pH. Such compounds are potential substrates for organic
anion or cation transporters expressed apically along the length of the intestine, including
the colon. Derivatization of the carboxylic acid group of gabapentin as a simple ester

prodrug proved impractical, however, since such compounds readily cyclize to yield
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gabapentin lactam (3). Similarly, double prodrugs of gabapentin, involving reversible
masking of both the amine and the carboxylate moieties, also displayed increased
susceptibility to form gabapentin lactam (data not shown). The lactam, a contaminant
present in the marketed gabapentin formulation, has been reported to display both
proconvulsant and neuroprotective effects (Potschka et al., 2000; Lagreze et al., 2001).
By contrast, reversible masking of the amine group of gabapentin with an
acyloxyalkylcarbamate promoiety (asin XP13512) provided anionic conpounds that were
potential substrate for carboxylate transporters. Notably, XP13512 does not undergo
cyclization to the lactam in vitro or in vivo.

The monocarboxylate transporter type 1 (MCT-1) isamember of afamily of at
least nine gene products that function as proton-coupled transporters of simple organic
carboxylates, such as lactate, pyruvate and short chain fatty acids, as well as certain
monocarboxylate drugs (e.g. pravastatin, valproate, carindacillin; for reviews see Enerson
and Drewes, 2003; Halestrap and Price, 1999). MCT-1 ishighly expressed within small
and large intestinal tissue, and contributes to the high capacity (grams/day) uptake into
colonocytes of butyrate produced by microbial fermentation of carbohydrates.

SMVT is a sodium-dependent monocarboxylate transporter whose natural
subgtrates are biotin, lipoate and pantothenate (Wang et al., 1999). Colonic absorption of
biotin has been demonstrated in humans and pigs (Sorrell et al., 1971; Barth et a., 1986).
This uptake appears to be SMV T-mediated, based on demonstration of a Na'-dependent,
specialized carrier-mediated system for biotin uptake in a human-derived,
nontransformed colonic epithelial cell line (Said et al., 1998). Furthermore, our own

studies have shown a significant level of mMRNA encoding SMVT in fresh human colonic
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tissue biopsy samples, based on quantitative PCR (Woodford and Zerangue, unpublished
data). In the present work, gabapentin showed no significant interaction with either
MCT-1 or SMVT, presumably due to its charged amine functionality.

XP13512 combines properties required for recognition by MCT-1 and SMVT
with the need for non-toxic breakdown products. In addition to release of gabapentin,
hydrolysis of XP13512 yields equimolar amounts of isobutyric acid, acetaldehyde, and
carbon dioxide. Isobutyric acid and acetaldehyde are both listed as GRAS (Generally
Recognized As Safe) materialsin the FDA food additive database (Center for Food
Safety and Applied Nutrition, U.S. Food and Drug Administration, U.S. Department of
Health and Human Services). Isobutyric acid is also a metabolite of the widely used food
additive sucrose acetate isobutyrate (Reynolds, 1998). Acetaldehyde isametabolite of
ethanol and several approved prodrugs including candesartan cilexetil (Gleiter at al.,
2002) and cefuroxime axetil (Campbdl and Langley, 1985). Quantities of acetaldehyde
released by XP13512 at clinical doses are expected to be low in comparison to exposure
from dietary sources.

XP13512 had uM affinity for both MCT-1 and SMVT in competition studies
using transporter-expressing cultured cells, based on inhibition of uptake of natural
substrates. Since affinity alone is not a definitive proof of transport, direct uptake of
XP13512 by both transporters was also demonstrated. Transport of XP13512 by MCT-1
was confirmed in HEK cells with high endogenous MCT-1 expression using LC/MSIMS
and this uptake was partially inhibited by excess lactate. XP13512 was also taken up by
Xenopus laevis oocytes expressing human MCT-1 to asgnificantly greater extent than

uninjected oocytes. XP13512 induced significant currentsin electrophysiology studies
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using SMVT-expressing oocytes; in thisassay XP13512 had aKm of ~3 uM and a
Vmax approximately 40% of that produced by biotin. Uptake of XP13512 by HEK cells
conditionally over-expressing SMV T was shown to be tetracycline dependent and was
partially inhibited by excess biotin. XP13512 was not a substrate or inhibitor of LAT1.
This observation is not surprising given the zwitterionic nature of the natural substrates of
thistransporter.

Transcellular flux of XP13512 across Caco-2 cell monolayers was 5-fold greater
in the apical to basolateral direction, suggesting that the prodrug interacts with one or
more apically expressed intestinal transporters. Both MCT-1 and SMVT are expressed at
high levelsin Caco-2 cells (Stein et a., 2000; Prasad et al., 1999a). The high apparent
permeability of XP13512 observed in this assay (3.1 to 6.0 x 10 cm/sec) suggests that
the compound should be well absorbed in vivo after oral administration. Similar evidence
of active trangport was observed using MDCK cell monolayers. The flux of XP13512 in
the paralld artificial membrane permeability suggests that the prodrug should have some
ability to passively diffuse across cells depending on local pH. The pKa of XP13512 is
5.0, and therefore passive diffusion of the unionized form is likely to be a minor
component of the extensive absorption seen after colonic dosing (Cundy et al.,
companion manuscript).

The relative contributions of active transport and passive absorption to the total
absorption of XP13512 in humanswill be dependent on multiple factors, including the
specific region of the intestine involved, the relative expression of SMVT and MCT-1
within that region, the transit time, surface area, and the local pH. In the absence of

specific animal or human models with deletion mutations for SMVT and/or MCT-1 it is
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not possible to determine the relative contributions of these active processesin vivo.
However, the fact that XP13512 is a substrate for multiple transport systemsin its free
acid form in vitro suggests that these transporters are likely to play a significant rolein
the absorption of XP13512 from the large intestine. MCT-1 and SMVT are high capacity
transporters and therefore endogenous ligands are unlikely to affect the absorption of
XP13512. Similarly, at the doses contemplated for clinical use, the prodrug is unlikely to
affect absorption of endogenous ligands. The potential for uptake of XP13512 by
additional transporters such as the bicarbonate/small chain fatty acid anion exchangers
present in the human colon has not been studied.

XP13512 was chemically stable at physiological pH but was rapidly hydrolyzed
to gabapentin in homogenates of Caco-2 cells and rat or human liver, presumably by non-
specific carboxylesterases. No other metabolites were observed. Gabapentin lactam (3)
was considered a potential metabolite of XP13512. However, the lactam was not
detected in any of thein vitro incubations. These results suggest that the prodrug would
have sufficient luminal stability to be absorbed and would subsequently undergo
extensive first pass conversion to gabapentin. There were no major differencesin the
rates of conversion of XP13512 to gabapentin in tissues from rats, dogs, monkeys, and
humans. Previous studies with gabapentin have reported that dog is the only speciesto
significantly metabolize gabapentin (Radulovic et al., 1995). On the basis of our own
data and the published data for gabapentin, rats and monkeys were selected as the species
for further preclinical assessment. The separated isomers of XP13512 showed similar
stability in human tissues. Therefore, no differencesin the in vivo pharmacokinetics of

the two isomers are anticipated.
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XP13512 was shown to have no significant interaction with the major CY P450
isoforms, either as a substrate or as an inhibitor. Therefore, the likelihood of significant
drug-drug interactions following administration of XP13512 in the clinic is considered to
below. Drug interactions as aresult of competition for active transport pathways are also
considered to be unlikely, based on the high capacity of the transporters targeted for
XP13512 absorption.

In conclusion, XP13512 is anovel prodrug of gabapentin designed to overcome
the pharmacokinetic limitations of gabapentin. The prodrug is chemically stableand is
rapidly converted to gabapentin by non-specific esterases in tissues that would be
encountered following oral absorption. In contrast to gabapentin, the prodrug is actively
transported by at least two high capacity solute transporters (MCT-1 and SMVT) that are
expressed along the length of theintestine. In addition, XP13512 displays pH-dependent
passive permeability. Therefore, thein vivo absorption of XP13512 islikely to be
mediated by a combination of passive absorption and active transport. Thiswould be
expected to lead to efficient oral bioavailability without the limitation of saturation
observed with oral gabapentin. Asaresult, oral dosing of XP13512 should provide
greater dose-proportionality and hence more predictable gabapentin exposure than
currently provided by oral gabapentin. Furthermore, the broad intestinal distribution of
MCT-1and SMVT should facilitate colonic absorption of XP13512, raising the
possibility that the prodrug may be successfully incorporated into a controlled release
formulation. Such aformulation may deliver a sustained level of gabapentin in plasma,
allowing a decreased frequency of dosing, improved patient compliance, and ultimately

superior therapy. The effects of the superior transport properties of XP13512 on the
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resulting oral bioavailability, dose-proportionality, colonic absorption, and tissue
digtribution of gabapentin in rats and monkeys are described in a companion paper

(Cundy et al., companion manuscript).
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Figure Legends

Fig. 1. The structures of gabapentin (1), XP13512 (2) and gabapentin lactam (3).

Fig. 2. Interaction of XP13512 with HEK cells endogenously expressing MCT-1.
Increasing concentrations of XP13512 inhibited “C-lactate uptake into HEK cells after
incubation for 60 minutes, whereas gabapentin had no effect (A). Excess lactate (10
mM) partially blocked the direct uptake of XP13512 (1 mM) into HEK cells (B). Total
intracellular concentrations of XP13512 and gabapentin were determined by LC/MSMS.

Data are the mean + S.E. for four determinations.

Fig. 3. Effect of concentration of XP13512 sodium salt on uptake of prodrug into
oocytes expressing MCT-1. Intracellular concentrations of prodrug and gabapentin were
determined by LC/MSMS analysis. XP13512 uptake into MCT-1-expressing oocytes
was greater than for uninjected oocytes (A). Datarepresent mean = S.E. for four oocytes
per condition. Subtraction of datafor uninjected cells from values obtained in injected

cells showed specific uptake of XP13512 into MCT-1-expressing oocytes (B).

Fig. 4. Effect of increasing concentrations of XP13512 or gabapentin on uptake of *H-
biotin into SMV T-expressing CHO cdlls. XP13512 inhibited uptake of *H-bictin into
SMV T-expressing cells, whereas gabapentin had no effect. Dataare the mean + S.E. for

two determinations.
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Fig. 5. Effect of XP13512 on electrophysiological responses of SMV T-expressing
oocytes. Biotin (positive control) and XP13512 induced significant currents in voltage
clamped SMV T-expressing oocytes (A) but not in uninjected oocytes (B), indicating
SMVT-mediated transport. The maximal current induced by XP13512 (V yax) Was

approximately 40% of that produced by biotin (C).

Fig. 6. Uptake of XP13512 or gabapentin into tetracycline-induced SMV T-expressing
HEK Ceélls. Biotin (positive control) and XP13512 (50 uM) showed greater uptake into
tetracycline induced SMVT-expressing cells (+Tet) compared to uninduced cells (-Tet),
whereas gabapentin uptake was negligible in both conditions (A). Vauesfor XP13512
are the sum of intracellular concentrations of prodrug and gabapentin. Data are expressed
as mean = SE. for four incubations. SMV T-mediated uptake of the prodrug was
demonstrated by subtracting the concentrations in uninduced cells from thosein SMVT-

expressing cells (B).
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TABLE 1

Stability of XP13512 in tissuesin vitro

All incubations were for 1 hour at 37°C. Theinitial XP13512
concentration was 5 uM. Gabapentin lactam was not detected in any of
the incubations (< 1 % release).

Tissue Preparation XP13512 Remaining  Gabapentin Released

(%) (%)
Buffer, pH 2.0 98 ND?
Buffer, pH 7.4 99 ND
Buffer, pH 8.0 95 ND
Pancreatin® 52 43
Caco-2 S9° 18 75
Rat Plasma, 90% 47 45
Human Plasma, 90% 96 5
Rat Liver S9° 25 71
Human Liver S9° 4 81

®Porcine pancreatin was 10 mg/mL in pH 7.5 buffer.

®Caco-2 was 0.5 mg protein/mL at pH 7.4.

“Liver S9 contained 0.5 mg/mL protein and 1 mM NADPH at pH 7.4.
IND — Not detected (< 1%).
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TABLE 2

Stability of XP13512 sodium salt in Tissues from Different Species
All incubations were for 1 hour at 37°C. Theinitial XP13512 concentration was 10 uM.
All preparations contained 1 mg protein/mL

Tissue Rate of Conversion to Gabapentin
Preparation (pmol/min/mg protein)
Sprague- Beagle Dog Cynomolgus Human
Dawley Rat Monkey
Plasma 24.1 ND?* 8.8 5.2
Intestine 189 99.2 184 196
Lung 88.6 86.9 107 68.5
Liver 125 136 140 146
Kidney 180 141 173 168

@ND — Not determined.
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TABLE 3

Metabolic Stability of the Separated Isomers of XP13512 in Tissues.
All incubations were for 1 hour at 37°C. Theinitial prodrug concentration was 5 uM.

Tissue Preparation Percent Prodrug Remaining Percent Gabapentin Released
S-Isomer R-isomer S-Isomer R-isomer
Pancreatin® 70 28 27 70
Caco-2 S9° 6 25 90 86
Rat Plasma, 90% 24 70 78 27
Human Plasma, 90% 93 89 9 3
Rat Liver S9° 3 48 97 59
Human Liver SO° 5 4 91 96

#Porcine pancreatin was 10 mg/mL in pH 7.5 buffer.
®Caco-2 S9 (prepared by XenoPort) was 0.5 mg protein/mL at pH 7.4.
“Liver S9 (XenoTech) contained 0.5 mg/mL protein and 1 mM NADPH at pH 7.4.
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TABLE 4.
Permeability Coefficients (Payp) for Transepithelial Transport of XP13512 or Gabapentin

Across Caco-2 and MDCK Monolayers.
Compounds were applied to the donor compartment at 100 — 200 uM and incubated for 1 hr at 37°C.

Test Caco-2 MDCK
Compound Papp (CM/sec) x 10° AtoB/BtoA Papp (CMV/sec) x 10° AtoB/Bto A
ratio ratio
AtoB? BtoA AtoB BtoA
XP13512 31 57 54 35 11 3.2
Gabapentin 32 34 0.94 0.73 0.25 29

A — apical; B-basolateral.
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TABLES.
Effect of Donor Compartment pH on Permeability
Coefficients (Pam) of Various Compounds in the Parallel

Artificial Membrane Permeability Assay
All compounds were incubated at 50 uM for 2 hr at RT.

Pam (Cm/sec) x 10°
Test

Compound pH 6.5% pH 7.42
XP13512 0.65 0.095
Gabapentin 0.02 0.026
Diltiazem 7.0 31
Metoprolol 0.018 0.16
Acyclovir 0.02 0.02

#Indicates pH of the donor chamber.
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