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ABSTRACT 

The limited oral bioavailability of the potent and selective mGlu2/3 receptor agonist, 

(1S,2S,5R,6S)-2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylate (LY354740), was shown to be 

improved by its peptidyl prodrug, (1S,2S,5R,6S)-2-[(2’S)-(2’-amino)propionyl]aminobicyclo 

[3.1.0]hexane-2,6-dicarboxylate (LY544344). The purpose of this study was to elucidate the 

mechanisms of intestinal absorption of LY354740 and its prodrug LY544344. Transepithelial 

transport and accumulation studies were performed in Caco-2 cell monolayers; the involvement 

of the PEPT1 transporter was also examined. In the absorptive transport studies, the peptidyl 

prodrug LY544344 partially hydrolyzed to release LY354740 intracellularly, and both 

compounds appeared in the basolateral compartment. The absorptive transport rate of 

LY544344, basolateral appearance rate of LY354740 and their cellular accumulation following 

incubation with LY544344 were concentration-dependent. PEPT1 inhibition reduced 

transepithelial transport and cellular accumulation of LY544344 to 22% and 1.1% of control, 

respectively. LY354740 showed concentration-independent absorptive transport with negligible 

cellular accumulation.  Efflux and trans-stimulation studies revealed predominantly apical efflux 

and the existence of specific transporters for LY544344 and intracellularly-released LY354740 

on the apical and basolateral membranes. LY544344 efflux was also trans-stimulated at the 

apical side by glycyl-glutamate, but not glycyl-sarcosine. Transport of neither compound was 

affected by P-glycoprotein-mediated efflux, as shown in transport and uptake inhibition studies 

in MDCKII-MDR1 and inverted membrane vesicles. In conclusion, LY354740 is mainly 

transported by the paracellular pathway while intestinal absorption of LY544344 is mediated by 

PEPT1.  However,  the absorptive transport of LY544344 appears to be modulated by an apical 

efflux transporter and a rate-limiting transport step across the basolateral membrane.  
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INTRODUCTION 

Activation of mGlu2/3 receptors by selective agonists dampens glutamate hyperexcitability by 

reducing its release in synapses where these receptors are expressed, including the prefrontal 

cortex (Moghaddam and Adams, 1998; Homayoun et al., 2005). LY354740 [(1S,2S,5R,6S)-2-

aminobicyclo[3.1.0]hexane-2,6-dicarboxylate monohydrate], a structural analogue of glutamate, 

is a potent and selective agonist of mGlu2/3 receptors. Various studies have demonstrated the 

efficacy of LY354740 in animal models of anxiety, psychosis and drug withdrawal (Helton et al., 

1998; Vandergriff and Rasmussen, 1999; Tizzano et al., 2002; Rorick-Kehn et al., 2006). In vivo 

studies in rats and dogs showed that LY354740 is excreted unchanged in urine in both species 

(Johnson et al., 2002). Although preclinical and clinical studies indicated the potency of 

LY354740, pharmacokinetic studies showed a relatively low bioavailability in rats (10%) and 

moderate bioavailability in dogs (45%) apparently because of low intestinal absorption (Johnson 

et al., 2002). To circumvent the absorption limitation, an extensive investigation of various 

prodrug forms of LY354740 was undertaken (Bueno et al., 2005). One particular aspect of this 

effort involved the attachment of various naturally occurring α-amino acids or di-peptides to 

either the α-amino or α-carboxyl groups of LY354740 to form pseudo di- or tri-peptides (Bueno 

et al., 2005). 

 

The peptide transporter of the intestine, PEPT1 (SLC15A1), has been shown to transport di- 

and tri-peptides and also a variety of therapeutically active peptidomimetics like β-lactam 

antibiotics and angiotensin-converting enzyme (ACE) inhibitors (Tsuji and Tamai, 1996; Tamai 

et al., 1998; Sugiura et al., 2008). Certain compounds like val-acyclovir and val-ganciclovir are 

also recognized as substrates by PEPT1, although these compounds do not bear a peptide 

bond (de Vrueh et al., 1998; Sugawara et al., 2000). Because PEPT1 transports certain di- and 

tri-peptides and the enterocytes possess high levels of intracellular peptidases that hydrolyze 
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peptides efficiently, drug delivery via PEPT1 has been suggested as a potential mechanism to 

improve intestinal permeability (Han and Amidon, 2000; Li et al., 2008; Brandsch et al., 2008). 

 

In the series of di- and tri-peptide prodrugs (N-dipeptides, N-tripeptides and C2-carboxy-linked-

dipeptides) of LY354740, LY544344 [(1S,2S,5R,6S)-2-[(2`S)-(2`-amino)propionyl]aminobicyclo 

[3.1.0]hexane-2,6-dicarboxylic acid hydrochloride] was found to have no appreciable affinity for 

the mGlu2/3 receptor subtypes, but was recognized by the PEPT1 transporter (Fig. 1) (Bueno et 

al., 2003; Bueno et al., 2005). LY544344 is metabolized to release LY354740 by both human 

jejunal homogenates and rat liver homogenates (Bueno et al., 2005) and is almost completely 

converted to LY354740 after oral dosing of LY544344 to rats and after oral or intravenous 

dosing to dogs (Perkins and Abraham, 2007). Furthermore, the bioavailability of LY354740 

following oral administration of LY544344 was increased from 10% to 84% in rats suggesting 

that LY544344 might be a suitable prodrug for LY354740 in humans (Bueno et al., 2005). The 

aim of this study was to elucidate the transport mechanisms of the active moiety (LY354740) 

and its prodrug (LY544344) in the human intestinal epithelium. Caco-2 cell monolayers were 

used as the primary experimental system. 
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MATERIALS AND METHODS 

Materials 

Caco-2 cells (HTB-37) were purchased from the American Type Culture Collection (ATCC, 

Rockville, MD, USA). Transformed human embryonic kidney cells stably over-expressing MDR1 

(PEAK-MDR1) were obtained from Dr. William Perry, Eli Lilly and Company (Indianapolis, IN). 

Madin-Darby Canine Kidney (MDCKII) wild-type and MDR1-tranfected cell lines were provided 

by Alfred H. Schinkel (Netherlands Cancer Institute, Amsterdam). Dulbecco’s modified Eagle’s 

medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin solution (10,000 U/mL 

penicillin and 10 mg/ml streptomycin) and trypsin-EDTA solution were obtained from Invitrogen 

Life Technologies (Carlsbad, CA). [14C]-LY354740 (7.3 mCi/mmol), [14C]-LY544344 (5.9 

mCi/mmol) and the unlabelled LY354740, LY544344 and LSN335984 were supplied by Eli Lilly 

and Company. The radiochemical purities of [14C]-LY354740 and [14C]-LY544344, as verified by 

HPLC, were found to be more than 98%. [3H]-Vinblastine (5.9 Ci/mmol) was obtained from 

Amersham (Buckinghamshire, UK).  Vinblastine, puromycin, glycyl-sarcosine (GlySar) and 

glycyl-glutamate (GlyGlu) were purchased from Sigma (St. Louis, MO). Adenosine triphosphate 

(ATP), adenylyl-imidodiphosphate tetrasodium salt (AMP-PNP), creatine kinase, creatine 

phosphate and protease inhibitor cocktail  were purchased from Roche Diagnostics 

(Indianapolis, IN).  4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2-amino-2-

hydroxymethyl-1,3-propanediol (TRIS) and 2-(N-morpholino)ethanesulfonic acid (MES) were 

obtained from Sigma. HPLC grade acetonitrile and triethylamine were obtained from Fisher 

Scientific. All other chemicals used were of the highest grade available. Polycarbonate 

membrane Transwell® inserts (12-well, 1.12 cm2 surface area, 0.4 µm membrane pore size) 

were purchased from Costar Corning Corporation (New York, NY). Liquid scintillant (EcoLume) 

and solid scintillant-coated 96-well plates (Deepwell LumaPlate) were obtained from MP 

Research Products (Irvine, CA) and Perkin Elmer (Boston, MA), respectively. 
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Cell Culture 

Caco-2 cells (passages 37-50) were cultured with DMEM supplemented with 10% v/v FBS, 1% 

v/v L-glutamine, 200 µg/mL penicillin and 100 µg/mL streptomycin sulfate in T25-flasks. Cells 

were incubated at 37OC in 5% CO2 and 95% relative humidity (RH) (Lab Line incubator, 

Barnstead International, Dubuque, IA) with medium replacement three times a week. Cultures 

were passaged at about 80% confluence by trypsinization with subsequent seeding at a density 

of 1.33 x105 cells/T25-flask. For transport experiments, cells were grown as monolayers on 

polycarbonate membrane inserts (seeded at 1.0 x105 cells/insert) under the same conditions of 

37OC, 5% CO2 and 95% RH, with a change in medium three times a week. The monolayers 

were used 21-25 days post-seeding. The confluency and the integrity of the monolayers were 

assessed by measuring the transepithelial electric resistance (TEER) using an EVOM epithelial 

voltohmmeter (World Precision Instruments, Sarasota, FL).   

 

MDCKII-WT and MDCKII-MDR1 cells were maintained at 37OC in 5% CO2 and 95% RH using 

DMEM supplemented with 10% v/v FBS, 1% v/v L-glutamine, 200 µg/mL penicillin and 100 

µg/mL streptomycin sulfate. Cells were plated at 6 x104 cells/insert in 12-well Transwell® inserts. 

Medium was changed on days 3 and 5 and the cell monolayers were used on day 6. 

Transfected PEAK-MDR1 cells were grown in DMEM supplemented with 10% v/v FBS, 50 

μg/mL gentamicin, and 0.5 μg/mL puromycin (5% CO2, 37OC).  Cells were passaged twice 

before they were adapted into suspension culture.  Cells were then cultured in spinner flasks in 

modified DMEM medium, supplemented with 2% horse serum and 0.3 μg/mL puromycin, until 

the total cell number was approximately 109 cells (Godinot et al., 2003).  
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Transepithelial Transport Studies 

Caco-2 monolayers grown on Transwell® inserts for 21-25 days and having a TEER of 350-450 

Ωcm2 were used for the transepithelial transport studies. The culture medium was aspirated and 

the monolayers were washed twice (for 5 min each) with Hank's balanced salt solution (HBSS) 

transport buffer on the apical and basolateral sides. HBSS transport buffer consisted of KCl 5.4 

mM, KH2PO4 0.5 mM, NaCl 136 mM, NaHPO4.7H2O 0.34 mM, D-glucose 5.6 mM, CaCl2 1 mM 

and HEPES 10 mM with pH adjusted with Tris or MES. For all the experiments, the apical 

transport buffer was HBSS at a pH of 6.5 (0.5 mL) and the basolateral transport buffer was 

HBSS at a pH of 7.4 (1.5 mL). Culture inserts were preincubated for 30 min at 37OC in the 

transport buffers. Transport experiments were initiated by aspirating the transport buffer and 

applying donor solution (0.5 mL apical or 1.5 mL basolateral) of transport buffer containing 

various concentrations of LY354740 or LY544344. The monolayers were maintained at 37OC 

and continuously agitated on an incubator shaker during the preincubation and transport 

studies. For the Na+-free medium, NaCl was replaced with equimolar choline chloride and 

NaHPO4.7H2O was omitted. In the PEPT1 inhibition studies, 25 mM GlySar or 25 mM GlyGlu 

was applied in the apical compartment. Samples (250 µL) were collected every 30 min for 3 h 

from the basolateral or apical side for estimating absorptive (apical-to-basolateral, A-to-B) and 

secretory (basolateral-to-apical, B-to-A) transport, respectively. 

 

The amount of compound transported across cell monolayers was determined by counting 

samples (100 µL) added to EcoLume (5 mL), in a liquid scintillation counter (Model LS6500, 

Beckman Coulter Inc., Fullerton, CA). The remainder of each sample was stored at -20OC until 

analyzed by HPLC. At the end of the experiment, the accumulated amount of the compound(s) 

in the cell monolayer was determined. For this, the monolayer was washed three times with ice-

cold PBS (pH 7.4), cut from the Transwell®, solubilized with 250 µL Triton X-100 (1%) and 
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processed for scintillation counting and HPLC analysis. The protein concentration was 

determined with the Fluka protein assay kit (Fluka Chemie, Buchs, Switzerland), with bovine 

serum albumin as the standard. 

 

The procedure used for bi-directional transport studies across MDCKII-WT and MDCKII-MDR1 

cell monolayers was similar to that of the Caco-2 transport studies. In brief, cell monolayers 

were washed and preincubated with HBSS transport buffer (pH 7.4) for 30 min. Donor solution 

containing LY354740 (5 µM) or LY544344 (5 µM), without and with a p-glycoprotein inhibitor 

(LSN335984, 2.5 µM) was applied to either the apical or basolateral compartment.  Samples 

were collected at 1 h from the basolateral or apical side for estimating A-to-B and B-to-A 

transport, respectively. Samples were analyzed by LC/MS/MS. 

 

The cumulative amount permeated was plotted against time in order to calculate the apparent 

permeability (Papp) in cm/sec: 

       
AC

dtdQ
Papp .

/=  

where dQ/dt is the rate of appearance of the compound in the receiver compartment, C the 

concentration of LY544344 or LY354740 in the donor compartment, and A is the cross-sectional 

area of the monolayer (Varma and Panchagnula, 2005). Intracellular accumulation was 

calculated as the amount retained in the cell monolayers, normalized to the cell protein content. 

 

Caco-2 Efflux Studies 

Apical and basolateral effluxes were studied with Caco-2 cell monolayers that had been grown 

on Transwell® inserts for 21-25 days and which displayed a TEER of 350-450 Ωcm2. The culture 
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medium in the apical and basolateral compartments was removed by aspiration and the 

monolayers were washed and preincubated as indicated for the transepithelial transport studies 

(see above). Loading of the cells was initiated by replacing the apical medium with HBSS (pH 

6.5) containing 3 mM [14C]-LY544344 (1 µCi/mL). After 1 h of loading, monolayers were quickly 

washed three times with 4OC PBS. Representative monolayers were processed immediately to 

determine the amounts of LY354740 and LY544344 present in the cells at the start of efflux 

studies. Efflux was initiated by adding HBSS (0.5 mL pH 6.5) to the apical compartment and  

HBSS (1.5 mL pH 7.4) to the basolateral compartment: (a) without any substrates (control); (b) 

with 10 mM unlabelled LY354740 in either compartment; (c) with 10 mM unlabelled LY544344 

in either compartment; (d) with 50 mM GlySar in the apical compartment; (e) with 50 mM GlySar 

in the apical compartment and 10 mM LY544344 in either compartment; (f) with 50 mM GlyGlu 

in the apical compartment; (g) with 50 mM GlyGlu in the apical compartment and 10 mM 

LY544344 in either compartment. 

 

Samples were collected from both the apical and basolateral compartments at predetermined 

time intervals and later analyzed by liquid scintillation counting (LSC) and HPLC. At the end of 3 

h, monolayers were quickly washed three times with 4OC PBS (pH7.4), cut from the Transwell®, 

solubilized with 250 µL Triton X-100 (1%) and processed for scintillation counting and HPLC 

analysis, in order to estimate the amount of the compound(s) remaining in the cell monolayer. 

Flux  was calculated as the rate of appearance in the initial 30 min into the apical or basolateral 

compartments, normalized to the cross-sectional area of the monolayer. 

 

P-gp Inhibition Assay Using Membrane Vesicles 

Plasma membranes were prepared from PEAK-MDR1 cells by nitrogen decompression and 

differential centrifugation as described elsewhere (Lever, 1977), with minor modification.  The 
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cell suspension was centrifuged at 800 x g for 10 min and re-suspended in 50 mL PBS (pH 7.4) 

at 4OC. Cells were then washed and re-suspended in 50 mL sucrose buffer (0.25 M) 

supplemented with CaCl2 (0.2 mM) and a protease inhibitor cocktail. Cells were equilibrated for 

30 min at 150 psi of nitrogen pressure in the cell disruption bomb (Parr Instrument Co., Moline, 

IL).  Cells were burst by slow release of pressure from the cell disruption bomb. EDTA (1 mM) 

was added to the supernatant, after removal of nuclei and unbroken cells by centrifugation at 

800 x g (5 min). The supernatant was layered onto a 35% sucrose cushion and centrifuged at 

16,000 x g for an hour at 4OC.  Membranes collected at the interface were subsequently 

pelleted at 100,000 x g for an hour at 4OC, and then re-suspended in 0.25 M sucrose and 

passed through a 25G needle in order to form membrane vesicles (Dantzig et al. 1996).  Protein 

concentration in the vesicle preparation was determined by the bicinchoninic acid method 

(Smith et al., 1985). 

 

The accumulation of [3H]-vinblastine (0.1 μM, 0.5 μCi/mL) into inverted membrane vesicles was 

determined in the absence and presence of LY354740 (0.5-50 μM) or LY544344 (1-200 μM).  

Reactions contained 4 mM ATP.  Inhibition of uptake was examined in the presence of 

LY354740, LY544344, a potent P-gp inhibitor (LSN335984, 5mM), or a competitive inhibitor of 

ATP (AMP-PNP, 4mM).  The regenerating system used during incubations contained 

100 μg/mL creatine kinase, 10 mM creatine phosphate, and 10 mM MgCl2.  Reactions were 

initiated by addition of 30 μL of the reaction mixtures to vesicles (20 μg-protein/20 μL), followed 

by incubation for 2.5 min  at 37OC with gentle agitation. The reactions were stopped by 

additional of ice-cold sucrose buffer and were then placed onto a membrane filter (GF/B glass 

fiber plate soaked overnight in 10% FBS in 0.25 M sucrose buffer) and filtered with a 96-channel 

cell harvester (PerkinElmer, Boston, MA).  Radioactivity retained on the filter was determined by 

liquid scintillation counting.  
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Chromatographic analysis 

For the CaCo-2 studies, HPLC was used for separation of [14C]-LY354740 and [14C]-LY544344. 

In brief, HPLC was conducted on a Waters system (Waters Corp., Milford, MA) which was 

equipped with a 600E controller, a Waters 996PDA detector and controlled by Empower 

software (version 1). A reversed-phase C8 column used was used (4.6 mm i.d. x 250 mm, 5 µm 

particle size, Bodman Industries, Aston, PA). Chromatographic separation was accomplished 

with a mobile phase consisting of phosphate buffer (50 mM, pH 2.5):acetonitrile:triethylamine 

(97:3:0.1 v/v), pumped in an isocratic mode at a flow rate of 1 mL/min at ambient temperature. 

For the cellular accumulation samples, equal volumes of acetonitrile were added to each 

sample, followed by  vortexing  and centrifugation (13000 x g for 15 min). The supernatant was 

then collected and dried under nitrogen. Samples were reconstituted with mobile phase and 

then injected. Eluent was collected from the HPLC outlet as 0.25 min (250 µL) fractions in 96-

well plates coated with solid scintillator (Deepwell LumaPlate, Perkin Elmer, Boston, MA), with a 

Gilson (Model 203, Middleton, WI) fraction collector. Plates were then dried completely and read 

on a Packard Topcount microplate scintillation counter (Model 4990V, Packard Bioscience, 

Groningen, The Netherlands). LY354740 and LY544344 eluted at 4.1 min and 7.2 min, 

respectively, as confirmed by UV detection at 210.5 nm. 

 

Samples from the MDCKII experiments were analyzed by LC-MS/MS operated in positive ion 

mode (Applied Biosystems/MDS Sciex API 4000 triple quadrupole mass spectrometer equipped 

with a TurboIonSpray interface).  The analytes were chromatographically separated using a   

Thermo Fluophase PFP column (2 mm i.d. x 50 mm,  5 µm particle size), with a gradient system 

composed of water/heptafluorobutyric acid (2000:10, v/v) and  methanol/acetic acid (1000:1000, 

v/v), at a flow rate of 1.5 mL/min.  Selected reaction monitoring (M+H)+ transitions m/z 186.1 → 
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151.1, and m/z 257.1 → 44.1, were monitored for LY354740, and LY544344, respectively.  The 

mass spectrometer quadrupoles were tuned to achieve unit resolution (0.7 DA at 50% FWHM).   

 

Statistical Analysis 

Most experiments were conducted at least in triplicate and the results are expressed as mean ± 

standard deviation (SD). Statistical differences among treatment groups were evaluated by one-

way analysis of variance (ANOVA) and post hoc multiple pair-wise comparisons were made with 

Tukey’s test (SigmaStat® 3.1, Systat Software, Inc., San Jose, CA). Statistical significance was 

considered to be reached at p < 0.05. 
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RESULTS 

Concentration-dependent Absorptive Transport and Cellular Accumulation of LY544344 

and LY354740 in Caco-2 Cell Monolayers 

Concentration-dependent transport and accumulation studies presented in Fig. 2 together 

demonstrate the existence of saturable transporter(s) as well as saturable metabolism. 

LY544344 was partially hydrolyzed intracellularly to release LY354740. The appearance of 

LY354740 and LY544344 in the basolateral compartment, when the cell monolayers were 

incubated with LY544344 in the apical compartment, were examined in the concentration range 

of 0.03 mM to 10 mM. Fig. 2A shows the increase in transport of LY354740 and LY544344 as 

the apical concentration of LY544344 increased from 0.03 mM to 3 mM. However, a further 

increase in apical LY544344 concentration led to a considerable reduction in the permeability. 

LY544344 permeability values at 0.03 mM, 3 mM and 10 mM were 0.15 ± 0.03 x10-6, 0.41 ± 

0.02 x10-6 and 0.27 ± 0.04 x10-6 cm/sec, respectively with statistically significant (p < 0.05) 

differences between the different apical concentrations of LY544344. Overall, the total amount 

transported was less than 5% and the time course of the basolateral appearance of LY354740 

and LY544344 at a given donor concentration was linear up to 3 h (data not shown). 

 

The intracellular concentration of LY544344 was calculated using a Caco-2 cellular volume of 

3.66 µL/ mg protein (Blais et al., 1987; Dantzig and Bergin, 1990; Proctor et al., 2008).  The 

results indicate that the movement of LY544344 across the apical membrane occurred against 

the concentration gradient, supporting the involvement of active apical uptake. For example, 

during the absorptive transport studies, when the initial apical LY544344 concentration was 3 

mM, the intracellular concentration of LY544344 at steady-state was much higher (236.1 ± 10.5 

mM). 
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The cellular accumulation of LY354740 was significantly higher than that of LY544344 in the 

concentration range studied (Fig. 2B). When the apical LY544344 concentration was below 0.1 

mM, more than 92% of the radioactivity extracted from cell monolayers was [14C]-LY354740. 

However, at apical LY544344 concentrations of 0.5 mM and 2 mM the intracellular content of 

[14C]-LY354740 was only about 80% and 68% of total intracellular radioactivity, respectively, 

indicating saturation of metabolic activation. Intracellular accumulation of LY544344 increased 

linearly until reaching a plateau at 3 mM, suggesting saturable processes in the absorptive 

transport.  

 

At apical LY544344 concentrations below 1 mM, the intracellular accumulation was more than 5 

fold greater than the total amount transported across the monolayer in 3 h. The high intracellular 

accumulation in the Caco-2 cells compared to the total amount transported into the basolateral 

compartment suggests that LY354740 and LY544344 transport across the basolateral 

membrane is the rate-limiting step in the absorptive transport. 

 

Transport Characteristics of LY354740 

Absorptive (A-to-B) transport of LY354740 did not show any concentration dependency in the 

concentration range studied (Fig. 3). Intracellular accumulation of LY354740 was linear in the 

concentration range studied (Figure 3B), but was negligible, with only  0.04% of the initial 

amount of compound added to the apical compartment being accumulated. Furthermore, the 

intracellular accumulation was less than 3% of the total amount transported to the basolateral 

compartment. The accumulation of LY354740 following incubation with LY544344 (3 mM) was 
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about 160-fold greater than the accumulation achieved with the LY354740 incubation at the 

same apical concentration (3 mM).  

 

Secretory (B-to-A) transport (0.16 ± 0.02 x10-6 cm/sec) of 0.1 mM LY354740 across Caco-2 

monolayers was not significantly different than its absorptive (A-to-B) transport (0.20 ± 0.03 x 

10-6 cm/sec) indicating a lack of polarized transport (Fig. 4). In addition, intracellular 

accumulation of LY354740 from both directions was similar. Presence of the PEPT1 substrate, 

GlySar (25 mM), had no effect on the absorptive permeability or the cellular accumulation of 

LY354740. LY354740 has some structural similarity to the anionic amino acid, L-glutamic acid, 

which is transported by the XAG
− transporter. To investigate if LY354740 might be a substrate for 

XAG
−, its absorptive transport from a Na+-free apical medium was evaluated (Harig et al., 1987; 

Nicklin et al., 1995). Overall, data from Fig. 3 and Fig. 4 indicate concentration-independent 

transport and symmetric bidirectional flux of LY354740 across the monolayer. PEPT1 and the 

amino acid transporter XAG
− do not seem to be involved in the transport of LY354740. It appears 

that LY354740 is transported paracellularly across the cell monolayer, which is substantiated by 

the negligible cellular accumulation observed when compared to the total amount of compound 

transported across the monolayer. 

 

Transport Characteristics of LY544344 

To assess the interaction of LY544344 with PEPT1, the effect of PEPT1 substrates, GlySar (25 

mM) and GlyGlu (25 mM), on the absorptive transport (A-to-B) across Caco-2 monolayers was 

examined (Fig. 5). Presence of GlySar in the apical compartment had no functional effect on the 

LY544344 transepithelial transport at a low apical LY544344 concentration (0.03 mM). 

However, GlySar significantly reduced the transport of LY354740 and LY544344 to 38% and 
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22% of control, respectively, when the apical LY544344 concentration was 3 mM. The effect of 

the PEPT1 substrate, GlyGlu, which is susceptible to intracellular peptidase cleavage to release 

glutamate, was also studied. GlyGlu significantly reduced transepithelial transport of LY544344, 

but the effect was not significantly different from that of GlySar. The transepithelial permeability 

in the presence of GlySar was similar at both apical LY544344 concentrations of 0.03 mM and 3 

mM. 

 

The secretory transport (B-to-A) of LY544344 (3 mM BA) was studied and compared with its 

absorptive transport (Fig. 5). Unlike in the absorptive transport case (3 mM AB), no detectable 

levels of LY354740 were observed in the receptor compartment or in the cells during the 

secretory transport, indicating the absence of basolateral uptake. Furthermore, secretory 

transport of LY544344 was significantly lower compared to its absorptive transport, but similar to 

absorption transport in the presence of PEPT1 inhibition.  Combining the transport and 

accumulation results, it can be concluded that LY544344 is a substrate for the PEPT1 apical 

uptake transporter.   

 

Trans-Stimulation of LY354740 and LY544344 Efflux from Caco-2 Monolayers 

To further characterize the transport across apical and basolateral membranes and investigate 

the possible contribution of carrier-mediated transporters, efflux and trans-stimulation efflux 

studies were performed (Zhang et al., 1999; Mizuuchi et al., 2000; Bourdet and Thakker, 2006). 

Fig. 6 shows the directional efflux and demonstrates the effect of LY354740 and LY544344, 

present in the extracellular medium, on the efflux of [14C]-LY354740 and [14C]-LY544344 from 

the Caco-2 cell monolayers loaded with [14C]-LY544344 (3 mM) for 1h. The initial intracellular 

amounts of [14C]-LY354740 and [14C]-LY544344 determined from representative monolayers 
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were 58.5 ± 4.2 and 31.9 ± 2.3 nmol/mg-protein, respectively. From the control study, efflux of 

[14C]-LY354740 and [14C]-LY544344 from pre-loaded cell monolayers was 2.14 ± 0.27 and 2.11 

± 0.31 fold greater across the apical membrane than the basolateral, clearly suggesting that 

both compounds have a preferential efflux in the apical direction (p<0.05). Flux rates of [14C]-

LY354740 and [14C]-LY544344 were identical, although the initial intracellular amount of [14C]-

LY544344 was only 55% of the [14C]-LY354740 amount. It was likely that some intracellular 

conversion of LY544344 to LY354740 occurred during the experimentation period, indicating 

that the apical and basolateral efflux of LY544344 may actually be faster than that of LY354740.  

 

The presence of extracellular LY354740 (10 mM) trans-stimulated the efflux of total radioactivity 

across the apical (Fig. 6A) and basolateral (Fig. 6B) membranes. In the linear portion of the 

trans-stimulation experiment (0-30 min) LY354740 significantly increased the flux of [14C]-

LY354740 across both the apical and basolateral membranes, compared to the control 

experiment. At the end of the LY354740 trans-stimulation study, 36.3% of the initial intracellular 

[14C]-LY354740 was effluxed into the apical compartment and 30.6% was effluxed into the 

basolateral compartment (data not shown). There did not appear to be a trans-stimulation of 

[14C]-LY544344 by extracellular LY354740 at either membrane. On the other hand, extracellular 

LY544344 (10mM) trans-stimulated the apical efflux of [14C]-LY544344, but had no influence on 

its basolateral efflux. At the end of the LY544344 trans-stimulation study, 22.1% and 9.7% of the 

initial intracellular [14C]-LY544344 was effluxed into the apical and basolateral compartments, 

respectively (data not shown). LY544344 had no trans-stimulation effect on the efflux of [14C]-

LY354740 across either membrane. In the control and trans-stimulation experiments, there was 

only [14C]-LY354740 remaining intracellularly at the end of 3 h. 
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Effect of PEPT1 Substrates on the trans-Stimulation of Efflux 

In order to inhibit the cellular uptake by PEPT1 of extracellular unlabelled LY544344 and the 

effluxed [14C]-LY544344,  and to obtain correct estimates of fluxes, additional control and trans-

stimulation efflux studies were carried out in the presence of other PEPT1 substrates. GlySar, a 

hydrolysis-resistant dipeptide, and GlyGlu, a dipeptide which is cleaved by intracellular 

peptidases to release glycine and glutamate, were applied extracellularly at a concentration (50 

mM) higher than that used in transport studies to ensure complete PEPT1 inhibition. Fig. 7 

demonstrates the effect of PEPT1 substrates on the efflux of [14C]-LY354740 and [14C]-

LY544344. Control experiments in the absence (Fig. 6A) and presence of GlySar (Fig. 7A) did 

not show any significant changes in the apical efflux of either compound. In contrast, the 

presence of extracellular GlySar during trans-stimulation with LY544344 (Fig. 7A) showed a 

statistically significant (p<0.05) increase in efflux of [14C]-LY544344 as compared to trans-

stimulation in the absence of GlySar (Fig. 6A), substantiating the hypothesis that extracellular 

unlabelled LY544344 enters the cells and cis-inhibits the efflux transporters. However, a small 

but statistically significant increase in the [14C]-LY354740 apical efflux rate was also evident 

during trans-stimulation with LY544344 in the presence of GlySar. The presence of GlyGlu (50 

mM) in the apical compartment (Fig. 7A, Control+GG) elicited a significantly greater effect on 

the apical efflux of [14C]-LY544344 over the control (Fig. 6A) than did GlySar (Fig. 7A, 

Control+GS). About 36% of the total loaded amount was effluxed within 1 h in the presence of 

GlyGlu (Fig. 7A), as compared to only about 16% with control (Fig. 6A). In the presence of 

GlyGlu, trans-stimulation with LY544344 showed no further increment in efflux rate. Overall, the 

observations from efflux and trans-stimulation studies indicated the existence of specific carrier-

mediated efflux transporters for both LY354740 and LY544344 on the apical membrane and a 

specific efflux transporter for LY354740 on the basolateral membrane.  
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Involvement of P-gp-mediated Efflux 

To investigate the role of P-gp, a bidirectional transport experiment was performed across 

MDCKII-WT and MDCKII-MDR1 cell monolayers (Table 1). The efflux ratios for each compound 

were near to 1.0 and the permeability values were similar in both  cell types, indicating no P-gp-

mediated efflux. LSN335984, a potent P-gp inhibitor, showed no effect on the transport of these 

compounds. Further, the effect of the compounds on the P-gp-mediated transport of a probe 

substrate, [3H]-vinblastine, was assessed using inverted membrane vesicles prepared from 

PEAK-MDR1 cells (Fig. 8).  The results showed that LY354740 and LY544344 had little effect 

on the P-gp-mediated transport of [3H]-vinblastine, in the concentration range studied. 

Compounds with IC50 above 50 µM are  considered to be poor substrates/inhibitors (Rautio et 

al., 2006; Chu et al., 2007). It should be noted that in inverted membrane vesicles, the 

compounds in the solution have access to the inner leaflet of the membrane and thus have 

direct access to P-gp. Overall these studies indicated a limited role of P-gp in the observed 

apical efflux of the compounds. 
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DISCUSSION 

An extensive investigation of prodrugs designed to enhance the bioavailability of the selective 

mGlu2/3 agonist LY354740 led to the discovery of LY544344 (Bueno et al., 2005). Earlier 

GlySar uptake studies in cell culture models and oral pharmacokinetic studies in rats and dogs 

indicated that LY544344 had affinity to the intestinal peptide transporter, PEPT1, and was 

extensively biotransformed into the active moiety, LY354740, before reaching the systemic 

circulation (Bueno et al., 2005; Rorick-Kehn et al., 2006; Perkins and Abraham, 2007). Bueno et 

al. (2005) reported an IC50 of 0.30 mM and 0.12 mM for LY544344 in the GlySar uptake-

inhibition studies using the Caco-2 and hPEPT1-transfected Chinese hamster ovary (CHO) cell 

lines, respectively, suggesting a strong affinity to PEPT1. Furthermore, there was a 4.7-fold 

higher LY354740 bioavailability upon oral dosing of LY544344 in wild-type mice, compared to 

PEPT1 gene knock-out mice (unpublished results). The current results substantiate the 

involvement of PEPT1 in the intestinal transport of LY544344 and further demonstrate the 

involvement of multiple transporters on the apical and basolateral membranes of the 

enterocytes, in the overall transepithelial transport. 

 

Concentration-dependent absorptive permeability of LY544344 and the basolateral appearance 

of LY354740 when Caco-2 monolayers were incubated with LY544344 showed an increase in 

permeability over a certain concentration range, and then a decline as the apical LY544344 

concentration increased further. Moreover, cellular accumulation of both compounds was 

saturable. In addition, the cellular accumulation ratio of LY354740/LY544344 decreased as the 

concentration increased. It was reasonable to assume that the processes involved in the 

observed transport phenomenon were under steady-state, as the time course of basolateral 

appearance was linear for both the compounds, and the maximum amount permeated in the 

study time was less than 5% of the initial amount in the donor compartment (data not shown). 
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Taken together, these results strongly suggested involvement of multiple saturable kinetic 

processes in the absorptive transport of LY544344. At this stage, it was hypothesized that the 

observed concentration dependence over the low concentration range (0.03 mM to 3 mM) was 

due to the saturation of the peptidase(s) responsible for the cleavage of LY544344 to release 

LY354740, with the saturation of the PEPT1 uptake transporter occurring at the higher 

concentrations (3 mM to 10 mM). The saturable activity of the peptidase(s) was substantiated 

with the evidence that negligible LY544344 was detected in the cells at low concentrations, and 

that the cellular accumulation ratio of LY354740/LY544344 decreased as the apical LY544344 

concentration increased. Recent oral pharmacokinetic studies in rats and dogs showed 

evidence of saturation of the absorption process at high doses (Perkins and Abraham, 2007).  

 

Although it would have simplified the analysis of the rate processes if the intracellular hydrolysis 

of LY544344 could have been inhibited, a large panel of peptidase inhibitors were unable to 

completely inhibit the prodrug hydrolysis, except for  EDTA, which did inhibit the hydrolysis 

(unpublished data).  However the use of EDTA in a cell monolayer system would have a 

negative impact on the viability and resistance of the monolayer (Tomita et al., 1996), and thus 

was not attempted.   

 

To further investigate the absorption mechanism of LY354740, concentration-dependent 

transepithelial absorptive transport studies of LY354740 were carried out. Transport of 

LY354740 across Caco-2 monolayers was found to be concentration-independent. Furthermore, 

cellular accumulation was found to be low, although it showed a linear increase with 

concentration. Indeed, the cellular accumulation of LY354740 was negligible when compared to 

the total amount permeated across the monolayer, or compared to the LY354740 accumulation 

in monolayers that were incubated with LY544344. The volume of intercellular spaces in the 
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monolayers of each Transwell was estimated to be 0.22 µl (unpublished data). Thus, it is safe to 

assume that the low accumulation observed may be due to the compound trapped in the 

intercellular spaces. Bidirectional transport studies of LY354740 showed no significant 

differences in the absorptive and secretory directions. Absorptive transport and accumulation of 

LY354740 in the presence of GlySar and the Na+-free medium demonstrated that neither the 

PEPT1 transporter nor the XAG
− amino acid transporter were involved in the transepithelial 

transport of LY354740 (Harig et al., 1987; Nicklin et al., 1995). Taken together, it appears 

unlikely that LY354740 is a substrate for uptake transporters on the apical or basolateral 

membranes. The physicochemical properties of LY354740, being highly hydrophilic and 

zwitterionic with a calculated logP of -1.96 and a low molecular weight of 185 Da (calculated 

with ChemDraw Ultra 8, CambridgeSoft Co. Cambridge, MA), along with these transport and 

accumulation data provide evidence for the paracellular transport of LY354740 across the Caco-

2 monolayers (Nellans, 1991; Pappenheimer et al., 1997).  

 

The absorptive permeability (A-to-B) of LY544344 was significantly higher than the secretory 

permeability (B-to-A), indicating the existence of an uptake transporter on the apical membrane. 

Inhibition studies with GlySar and GlyGlu confirmed PEPT1 involvement in the transport and 

accumulation of LY544344 (Fig. 5). The relatively higher absorptive permeability of the prodrug 

over the active moiety can be partially attributable to the combination of paracellular and 

PEPT1-mediated transcellular pathways. At an apical concentration of 3 mM LY544344, GlySar 

and GlyGlu significantly inhibited the basolateral appearance of both LY354740 and LY544344, 

in comparison to the control case. However, at the low apical concentration of LY544344, 

0.03mM, GlySar had no effect on the basolateral appearance of LY354740 and LY544344. This 

suggests that at low concentrations of LY544344, the PEPT1 pathway is not the rate-

determining mechanism for LY544344 uptake. Several additional lines of evidence suggest that 
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paracellular pathway of LY544344 may contribute to its transport, particularly at low 

concentrations. Firstly, when LY544344 is placed in the basolateral compartment, its secretory 

permeability is not significantly different from the absorptive permeability when PEPT1 is 

inhibited. In addition, there is no LY354740 appearing intracellularly or in the apical 

compartment when LY544344 is placed in the basolateral compartment. This suggests that 

LY544344 does not have access to the intracellular peptidase(s), and crosses the membrane 

without passing through the cell.  The small amount of intracellular accumulation of LY544344 

(Fig. 5B) may be due to the trapping of compound in the intercellular spaces. Secondly, the 

secretory (B-to-A) permeability of LY544344 is very similar to that of LY354740 in both the 

secretory and absorptive directions. Finally, the physicochemical properties of LY544344 

(calculated log P of -3.06 and molecular weight of 256.2 Da; calculated with ChemDraw Ultra 8, 

CambridgeSoft Co. Cambridge, MA) are consistent with the contribution of the paracellular 

pathway to LY544344 transepithelial transport. 

 

The involvement of efflux transporters was investigated by studying the apical and basolateral 

efflux of [14C]-LY354740 and [14C]-LY544344 from the Caco-2 cell monolayers following [14C]-

LY544344 loading. Trans-stimulation is used to test whether two molecules share a common 

transporter pathway (Dantzler et al., 1991; Busch et al., 1998; Zhang et al., 1999; Keller et al., 

2005; Kobayashi and Konishi, 2008). If the presence of the test compound on the opposite side 

of the membrane results in an enhanced flux of the radiolabeled probe, the test compound is 

considered to be a substrate for the same transporter as the probe, and vice versa. This 

methodology was used to determine if LY544344 and LY354740 were substrates for efflux 

transporters on the apical and basolateral membranes. Data showed a preferential efflux of both 

compounds across the apical membrane. Trans-stimulation with extracellular unlabelled 

LY354740 showed an enhanced efflux of [14C]-LY354740 across the apical and basolateral 
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membranes, while trans-stimulation with LY544344 showed the enhanced efflux of [14C]-

LY544344 across the apical membrane. Data strongly suggested the presence of selective 

efflux transporters for both the prodrug and the active moiety on the apical membrane. The 

higher apical efflux of the compounds (compared to the basolateral efflux) might be partially 

responsible for the low permeability and the observed concentration dependence of LY544344.  

 

P-gp was found to have no significant role in the apical efflux of these compounds,  as indicated 

by the MDCKII transport studies, as well as the membrane vesicle uptake studies (Table 1, Fig 

8). Further, to our knowledge there are no reports that ABC transporters are susceptible to 

trans-stimulation.  

 

A basolateral peptide transporter would mediate the efflux of substrates from the intracellular 

space and, in cooperation with PEPT1, enable unidirectional transport through the intestinal 

epithelium (Inui et al., 1992; Irie et al., 2001). The existence of a basolateral transporter was 

functionally evident for LY354740 in the trans-stimulation studies, but not for LY544344 (Fig. 

6B). Irie et al. demonstrated the existence of a basolateral peptide transporter which had low 

substrate affinity but substrate specificity similar to that of PEPT1 (Irie et al., 2004). Therefore, 

the basolateral transport of LY544344 may have been mediated by a basolateral peptide 

transporter.  However, this is not supported by the trans-stimulation studies; thus the 

mechanism for basolateral movement of LY544344 remains unclear. 

 

The effect of the PEPT1 substrates (GlySar and GlyGlu) on the efflux of [14C]-LY354740 and 

[14C]-LY544344 from the [14C]-LY544344 loaded Caco-2 cell monolayers was studied after 

noticing the relatively low trans-stimulation effect of LY544344 when compared to trans-

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 6, 2008 as DOI: 10.1124/dmd.108.022012

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #22012R  

 26

stimulation by LY354740. It was hypothesized that the lower LY544344 trans-stimulation effect 

could be due to the PEPT1 uptake of unlabelled LY544344 into the cells and subsequent 

intracellular competition with the labeled compounds for the efflux transporters. Furthermore, 

the [14C]-LY544344 efflux rate in the control experiment (Fig. 6A) could have been an 

underestimation if PEPT1 was able to transport the apically effluxed [14C]-LY544344 back into 

the cells. To address these issues and to determine the substrate specificity of the efflux 

transporters, control and trans-stimulation of apical efflux were studied in the presence of 

GlySar (50 mM) and GlyGlu (50 mM) (Fig. 7). Trans-stimulation with LY544344 in the presence 

of GlySar, showed an increased apical efflux of [14C]-LY354740 and [14C]-LY544344 (Fig. 7A) 

substantiating our hypothesis that in control experiments (Fig. 6), unlabelled LY544344 had 

access to the cells via PEPT1 transporter and competed with [14C]-LY354740 and [14C]-

LY544344 for the apical efflux transporters. Presence of extracellular GlyGlu (control (+GG)) 

trans-stimulated the efflux of intracellularly loaded [14C]-LY544344, indicating that the GlyGlu is 

a substrate for the transporter that is involved in the apical efflux of LY544344. However, a 

similar trans-stimulation effect was not evident in the presence of GlySar (control (+GS)). It 

should be noted that GlySar is structurally very different from GlyGlu and is not hydrolyzed 

intracellularly (Matthews, 1975). Therefore, the interaction of LY544344 and GlyGlu suggest the 

existence of apical efflux transporter(s) that can differentially modulate the intestinal transport of 

structurally similar di-peptides. 

 

In summary (Fig. 9), our observations suggest that LY544344 (i) is a substrate for the intestinal 

apical uptake PEPT1 transporter and for enterocytic peptidase(s) that cleave the peptide bond 

to release LY354740, (ii) has affinity for a specific efflux transporter present on the apical 

membrane, and (iii) is able to use the paracellular pathway. The first two processes could 

contribute to the atypical concentration-dependent transport. LY354740 has a limited entry into 
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the enterocytes and its transepithelial transport is via the paracellular pathway. Evidence also 

suggests that intracellularly formed LY354740 has affinity to specific efflux transporters on both 

apical and basolateral membranes. Trans-stimulation of LY544344 apical efflux by GlyGlu, but 

not GlySar, suggests the existence of a specific efflux transporter with differential specificity for 

glutamate-containing di- and tri-peptides. 
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Figure Captions: 

 

Fig. 1. Chemical structures of LY544344 and LY354740. *[14C] radio-labeled site. 

 

Fig. 2. Concentration-dependent (A) absorptive transport and (B) cellular accumulation of 

the prodrug, LY544344 and the active moiety LY354740, in Caco-2 cell monolayers. 

Apical-to-basolateral transport of LY544344 (�) and basolateral appearance of LY354740 (�) 

was determined by incubating Caco-2 cell monolayers with LY544344 over the concentration 

range of 0.03 mM to 10 mM. Samples from the basolateral compartment were collected every 

30 min for 3 h and analyzed by HPLC. The “apparent permeability” of LY354740 in this context 

was calculated as its basolateral appearance rate normalized to donor LY544344 concentration. 

All experiments were conducted at an apical and basolateral pH of 6.5 and 7.4, respectively. At 

the end of 3 h, the amounts of LY354740 and LY544344 extracted from the cell monolayers 

were measured by HPLC and reported as cellular accumulation at the corresponding apical 

concentration. Each data point represents mean ± SD of 3 independent monolayers. Statistically 

significant differences (*p < 0.05) in the permeability of LY354740 and LY544344 were found 

when the apical LY544344 concentration was 1 mM, 3 mM, 5 mM and 10 mM. A statistically 

significant difference (*p < 0.05) in the accumulation of LY354740 and LY544344 was found at 

all apical concentrations of LY544344.  

 

Fig. 3. Concentration-dependent (A) absorptive transport and (B) cellular accumulation of 

LY354740 in Caco-2 cell monolayers. Apical-to-basolateral transport of LY354740 was 

determined in the concentration range of 0.03 mM to 5 mM, by incubating Caco-2 cell 

monolayers at 37OC for 3 h. Samples from the basolateral compartment were collected every 30 
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min and counted with a liquid scintillation counter. At the end of 3 h, LY354740 retained in the 

cell monolayers, after washing with 4OC PBS, is reported as accumulation at the corresponding 

apical concentration. Each data point represents the mean ± SD of 3 independent monolayers. 

No significant difference in the permeability was found between different concentrations.  

 

Fig. 4. (A) Bidirectional transport and effect of a PEPT1 substrate (GlySar) and Na+-free 

medium on the transport of LY354740 across Caco-2 cell monolayers, and (B) cellular 

accumulation of LY354740 at the end of the transport study (3 h).The cell monolayers were 

incubated at 37OC for 3 h with 0.1 mM LY354740 in the apical or basolateral compartments and 

samples were collected from the opposite compartment. The apical medium was pH 6.5 HBSS 

and the basolateral medium was pH 7.4 HBSS. The Na+-free medium used was HBSS (pH 6.5) 

with choline chloride replacing NaCl. For PEPT1 inhibition studies, 25 mM GlySar was present 

in the apical compartment. Each data point represents the mean ± SD of 3 independent cell 

monolayers. No significant difference (p < 0.05) was found in transport or accumulation when 

compared with control (LY354740 AB) absorptive transport and accumulation respectively. 

Key: LY354740 AB, absorptive (A-to-B) transport; LY354740 BA, secretory (B-to-A) transport. 

 

Fig. 5. Effect of PEPT1 substrates on the (A) transport of LY544344 and transepithelial 

appearance of intracellularly formed LY354740 and (B) the cellular accumulation of 

LY544344 and LY354740 after 3 h. The cell monolayers were incubated with 0.03 mM or 3 mM 

LY544344 in the apical or basolateral compartments and samples were collected from the 

opposite compartments. For the PEPT1 inhibition studies, 25 mM GlySar or 25 mM GlyGlu was 

present in apical compartment. The apparent permeability of LY354740 indicates its 

appearance rate in the receiver compartment normalized to the donor LY544344 concentration. 
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In all the experiments the apical medium was pH 6.5 HBSS and the basolateral medium was pH 

7.4 HBSS. Each data point represents mean ± SD of 3 independent monolayers.  There was no 

significant effect of GlySar on absorptive (AB) transport at 0.03 mM. *p < 0.05 when compared 

to LY354740 values in 3 mM AB. #p < 0.05 when compared to LY544344 values in 3 mM AB.  

Key: AB, absorptive (A-to-B) transport; BA, secretory (B-to-A) transport; ND, not detectable. 

 

Fig. 6. Trans-stimulation of [14C]-LY354740 and [14C]-LY544344 efflux into (A) apical and 

(B) basolateral compartments, from [14C]-LY544344 preloaded Caco-2 cell monolayers. 

Following 1 h loading, Caco-2 cell monolayers were quickly washed three times with 4OC PBS. 

The amount of [14C]-LY354740 and [14C]-LY544344 effluxed into apical and basolateral media, 

without (Control) and with 10 mM unlabeled LY354740 (Trans-LY354740) or LY544344 (Trans-

LY544344) was determined. The apical medium was pH 6.5 HBSS and the basolateral medium 

was pH 7.4 HBSS. Data show the mean ± SD (n=3) of the time course of the total radioactivity 

(both LY354740 and LY544344) effluxed (left); and the directional flux (right) calculated from the 

linear range (0-30 min) of efflux of individual compounds. The amounts of LY354740 and 

LY544344 in the Caco-2 cell monolayers determined before the initiation of efflux were 58.5 ± 

4.2 and 31.9 ± 2.3 nmol/mg-protein, respectively, while at the end of efflux experiments (3 h) 

only LY354740 was detected in the cell monolayers. *p < 0.05 and #p < 0.05 when compared to 

[14C]-LY354740 and [14C]-LY544344 values in control, respectively.  

 

Fig. 7. Effect of PEPT1 substrates on the trans-stimulation of [14C]-LY354740 and [14C]-

LY544344 efflux into (A) apical and (B) basolateral compartments, from [14C]-LY544344 

preloaded Caco-2 cell monolayers. Following 1 h loading, Caco-2 monolayers were quickly 

washed three times with 4OC PBS. The amount of [14C]-LY354740 and [14C]-LY544344 effluxed 
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into apical and basolateral media was determined under the following conditions: GlySar or 

GlyGlu in the apical compartment (Control(+GS) and Control(+GG)); and with GlySar or GlyGlu 

in apical compartment with 10 mM unlabeled LY544344 on both sides (Trans-LY354740(+GS) 

and Trans-LY354740(+GG)). The apical medium was pH 6.5 HBSS and basolateral medium 

was pH 7.4 HBSS. Data show the mean ± SD (n=3) of the time course of the total radioactivity 

(both LY354740 and LY544344) effluxed (left); and the directional flux (right) calculated from 

linear range (0-30 min) of the efflux of the individual compounds. The amounts of LY354740 and 

LY544344 in the Caco-2 cell monolayers determined before the initiation of efflux were 58.5 ± 

4.2 and 31.9 ± 2.3 nmol/mg-protein, respectively, while at the end of efflux experiments (3 h) 

only LY354740 was detected in the cell monolayers. *p < 0.05 and #p < 0.05 when compared to 

[14C]-LY354740 and [14C]-LY544344 values in the Control(+GS), respectively. 

 

Fig. 8. Effect of LY354740 and LY544344 on the P-gp-mediated transport of the probe 

substrate, [3H]-vinblastine. Uptake of [3H]-vinblastine (0.1 µM) into inverted membrane 

vesicles prepared from PEAK-MDR1 cells (20 μg) was determined in the absence (control) and 

presence of LY354740 (0.5 to 50 μM)  and LY544344 (1 to 200 μM).  Inhibition of uptake was 

also examined in the presence of a potent P-gp inhibitor (LSN335984, 5mM), and a competitive 

inhibitor of ATP (AMP-PNP, 4mM).  The reaction mixtures were incubated at 37 °C for 2.5 

minutes with gentle agitation. Each column represents the mean of triplicate determinations and 

error bars represent the standard deviations. * Statistically significant compared to control (p< 

0.05, ANOVA with Tukey post hoc test).  

 

 

Fig. 9. The proposed mechanisms involved in the transepithelial transport of LY354740 

and its prodrug, LY544344. The PEPT1 transporter mediates the apical uptake of LY544344 
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into the enterocytes, where peptidase(s) hydrolyzes LY544344 to release the active moiety, 

LY354740. Directional transport of intracellular LY354740 and LY544344 is mediated by the 

specific efflux transporters. The paracellular pathway contributes to the overall transepithelial 

transport of both LY354740 and LY544344.  
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Table 1. Bidirectional transport of LY354740 and LY544344 across MDCKII-MDR1 cell 

monolayers in the absence and presence of a P-gp inhibitor (LSN335984)a 

 

Compound Papp (x106 cm/sec)b 

Efflux 
ratio  A-to-B B-to-A 

LY354740 1.3 1.3  1.0 

+ LSN335984 1.6  1.1  0.7 
    

LY544344 1.3  1.3  1.0 

+ LSN335984 1.3  0.9 0.7 
    

 

a Transport of LY354740 and LY544344 across MDCKII-WT cell monolayers resulted in similar 

permeability values (data not shown). 

b Mean Papp (n=2) 
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