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ABSTRACT

Methotrexate [(+) amethopterin, L.MTXJ has two carboxyl groups in
its structure and is eliminated mainly by excretion into urine and bile. To
investigate the biliary excretion mechanism of L-MTX, we performed in
vivo and in vitro studies using mutant rats, Eisai hyperbiirubinemic rats
(EHBRS), whose canalicular multispecific organic anion transporter

(cMOAT) is defective as a consequence of heredity. After i.v. administra
tion of L-MTX to EHBRS, its plasma disappearance and biliary excretion
was slower than in normal Sprague Dawley rat (SDR). ATP-dependence

and overshoot phenomena were observed in the uptake of I3HIL-MTXby
canalicular membrane vesicles (CMV) prepared from SDR, whereas no
ATP-dependence was observed in CMV from EHBRS. The ATP-depend.
ent uptake of L-MTX by SDR CMV exhibited saturable kinetics with a Km
of 295 jaM.L-MTX competitively inhibited the ATP-dependent uptake of
[3H12,4-dinitrophenyl-S-glutathione, a typical substrate for cMOAT, and
the inhibition constant (K1)of L-MTX was comparable with its own Km.
These results suggest that L-MTX is excreted into bile by cMOAT. The
inhibitory effects of L-MTX and its optical isomer, (â€”)amethopterin
(D-MTX), on the uptake of [3HJL.MTX differed with K1sof 326 and 93
gLM, respectively, indicating that the biologically inactive D form has a

higher affinity for cMOAT than L-MTX.

INTRODUCTION

L-MTX,3 which has two carboxyl groups in its structure, is a
well-known anticancer drug, the cytotoxicity of which is based on its
ability to inhibit dihydrofolate reductase ( I ). Recently, low dose

L-MTX has also been used to treat patients suffering from chronic
rheumatism (2). Elimination of L-MTX is mainly by excretion into
urine and bile (3). L-MTX is concentrated in bile compared with
plasma and undergoes enterohepatic circulation (4). Enterohepatic
circulation is involved not only in maintaining the plasma concentra
tion of L-MTX but also causes adverse effects in the intestine and
bone marrow (5). In an in vivo rat infusion study, saturation of the
biliary excretion of L-MTX at steady state was observed, suggesting

that L-MTX is excreted by a transporter (6). However, no study has
been performed yet to examine in detail the hepatobiliary transport
mechanism of L-MTX.

On the bile canalicular membrane, there are four kinds of primary
active transporters that transport xenobiotics and endogenous corn
pounds into bile (7, 8). The first transporter, P-glycoprotein, is derived
from the MDRI gene and excretes mainly amphipathic organic cations

and neutral compounds including anticancer drugs such as daunomy
cmandVincaalkaloids;thesecondtransporterexcretesbileacid,such
as TCA; the third transporter is the product of the mdr2 gene and
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excretes phospholipids; whereas the fourth transporter is the cMOAT,
which excretes organic anions such as leukotriene C4 and DNP-SG.
Recently, studies in this research area have made remarkable progress
because of the development of a preparation of bile CMVs (9, 10) and
the discovery of mutant rats such as TR (I 1) and EHBR (12) strains
whose cMOAT is defective as a consequence of heredity. Recent
studies show that several organic anions, such as glutathione and

gbucuronide conjugates, are excreted into bile by cMOAT ( 11, I3).
Now, cMOAT has been cloned from Wistar (14) and SD (15) rats.

cMOAT belongs to the AlP-binding cassette family, which has two
ATP-binding domains in its structure. Mutation of TR or EHBR has
been reported (14, 16).

In the present study, we have examined whether L-MTX, which has
two carboxylic acid groups, is excreted into bile by cMOAT.

MATERIALS AND METHODS

Materials

[3H]Methotrexate(IL-glutamyl-3,4-3H1-methotrexate;specific activity, I2.4
@sCi/mmol),[3HITCA (3.47 pCi/mmol), and [3Hlglutathione (44.8â€”50.0 @CiJ

mmol) were purchased from New England Nuclear (Boston, MA). L-MTX for
injection was purchased from Lederle (Saitama, Japan). Unlabeled L-MTX

[(+) amethopterinj, D-MTX l(â€”)amethopterin], aminopterin, ATP, creatine
phosphate, creatine phosphokinase, ADP, AMP, GTP, and sodium orthovana
date were purchased from Sigma Chemical Co. (St. Louis, MO). Unlabeled
and [3HIDNP-SG (44.8â€”50.0 pCi/mmol) were synthesized as described (17).
All other chemicals used were commercially available and were reagent grade
products.

Male SDRs (250â€”300g) and male EHBRs (250â€”300g) were purchased
from Sankyo laboratories (Tokyo, Japan) for the in vivo studies and from
Charles River Japan, Inc. (Kanagawa, Japan) for the in vitro studies.

Time Course of the Plasma Disappearance and Biliary
Excretion of L-MTX after i.v. Bolus Administration

Rats were lightly anesthetized with pentobarbital (40 mg/kg, i.p.), and the
left femoral artery was cannulated with heparinized polyethylene tubing (PE
50). The bile duct was cannulated with polyethylene tubing (PE-lO). L-MTX

(10 mg/kg, 22 smol/kg) was administrated as a bolus through the right femoral
vein, and arterial blood specimens and bile were collected in polyethylene

tubes. The sampling times for arterial blood were I, 3, 5, 7, 10, 20, 30, 45, 60,
90, 120, and 150 mm after drug administration. To obtain plasma, blood
samples were centrifuged at 10,000 X g for 2 mm in a table-top microcentri

fuge (Microfuge E; Beckman Instruments, Inc., Fullerton, CA).
Concentrations of L-MTX in plasma and bile samples were determined by

high-performance liquid chromatography as described previously (18) with
slight modifications. A high performance liquid chromatograph (655 Liquid

Chromatograph; Hitachi, Tokyo, Japan) was equipped with a variable wave
length UV monitor (655A Hitachi) set at 303 nm. An ODS C18 column (Inertsil
ODS, 250 x 4.6 mm inside diameter, particle size 5 jam; GL Sciences, Tokyo,
Japan) was used, and the mobile phase was a mixture of acetonitrile and 0.05
M phosphate buffer (pH 6.2), 1:9 (v/v). The flow rate was 1.0 mi/mm.

Plasma (50 s.d)was deproteinized by adding 200 @.dof 1 MHCIO4contain
ing aminopterin as an internal standard (Ref. 19; 2.5 p@g/ml for plasma samples,

50 p@g/mlfor bile samples,respectively).Aftercentrifugation(10,000 X g for
10 mm), 200 p1 of supernatant were neutralized with 50 pJ of 3 M K2HPO4,
followed by vortexing and centrifugation. For plasma samples, a volume of
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20â€”40 @.dof supernatant was injected into the chromatograph. For bile sam
pies, the supernatant was diluted 10-fold with distilled water, and 10 p3 were
injected into the chromatograph.

Preparation of CMVs

CMVs were prepared from male SDR and EHBR liver as described previ
ously (17). After suspending them in 50 mi'@iTris buffer (pH 7.4) containing
250 msi sucrose, the membrane vesicles were frozen in liquid N2 and stored at
â€”100Â°C until used. To check the purity of the prepared CMVs, Na@fK@ and

Mg2' ATPases, alkaline phosphatase, and leucine amino peptidase activities
were determined by the method of Schoner ef a!. (20), Yachi et a!. (21), and
LAP assay kit (Wako Pure Chemical Industries, Osaka, Japan), respectively.
The activity used in this study was also checked by measuring the ATP
dependent uptake of standard substrates, [3HITCA (1 @M)and [3H]DNP-SG
(1 ,.@M;labeled 0.1 @Mand unlabeled 0.9 @.tM),during a 2-mm incubation at
37Â°C.Protein concentrations were determined as described previously (22),
using the Bio-Rad protein assay kit with BSA as a standard.

Uptake Study of [3HJL-MTX and [3H]DNP-SG by CMVs

The uptake study of [3HIL-MTX(1 @.sM;labeled 0.4 @.LMand unlabeled 0.6
@.LM)and [3HJDNP-SG (I ,.@M;labeled 0. 1 @LMand unlabeled 0.9 @LM)was

performed as reported previously (23, 24). The transport medium (10 mMTris,
250 mt@isucrose, and 10 msi MgCl2'6H20, pH 7.4) contained the ligands,5 m@i
AlP and ATP-regenerating system (10 mMcreatine phosphate and 100 @Wml
creatine phosphokinase). An aliquot of transport medium (16â€”18 @l)was

mixed rapidly with the vesicle suspension (10 @.tgof protein in 2â€”4pJ). The
transport reaction was stopped by the addition of 1 ml of ice-cold buffer
containing 250 mM sucrose, 0.1 M NaCl, and 10 mM Tns-HCI (pH 7.4). The

stopped reaction mixture was passed through a 0.45-@.tmHA filter (Millipore
Corp., Bedford, MA) and then washed twice with 5 ml stop-solution. Radio
activity retained on the filter and reaction mixture were mixed with scintilla

tion cocktail (Clear-sol I; Nacarai Tesque, Tokyo, Japan) and determined using
a liquid scintillation counter (LS 6000SE; Beckman Instruments, Fullerton,
CA). Uptake of ligands was normalized with respect to the amount of mem
brane protein. The AlP-dependent uptake was assessed by subtracting the
uptake in the absence of AlP from that in its presence.

Determination of Kinetic Parameters

In Vivo Study. The plasma concentration-time curve after an iv. bolus
injection of L-MTX was fitted to the following multiexponential equation by
an iterative nonlinear least-squares method using a MULTI program (25):

C@(,)@ Ai . exp(â€”Ai) (A)

where, C,@,)@5the L-MTX concentration in plasma at time t. The number of
exponential terms in Eq. A was assessed by Akaike's information criterion
(26). The noncompartmental parameters, AUC and the mean residence time in
plasma were computed using the parameters obtained using the following
equations:

AUC =@ Ai/Ai

MRT= @Ai/Ai2@ @Ai/Ai

The total body clearance (CL,0j, biliary clearance (CL@,jie)and steady-state
volume of distribution (Vd@@)were obtained from the following equations,
respectively:

CL,0, = Dose/AUC

Vd5. Dose . MRT/AUC (F)

where XÃ˜_15()represents the amount excreted into the bile from time 0 to 150
mm and AUC0_150 is the area under the plasma concentration-time curve from
time 0 to 150 mm.

In Vitro Study. The kinetic parameters for ATP-dependent uptake of
[3H]L-MTXand [3H]DNP-SG were estimated using the following equation:

vo/S = Vmax/(Km+ S) (G)

where V() @5the initial uptake rate of ligand by CMVs (pmol/min/mg protein),
S is the ligand concentration in the medium (,@M),Km15the Michaelis constant
(,,@M),and Vmax @5the maximum uptake rate (pmol/min/mg protein). The above

equation was fitted to the uptake data sets by an iterative nonlinear least
squares method using a MULTI program (25) to obtain estimates of kinetic
parameters. The input data were weighted as the reciprocal of the square of the
observed values, and the algorithm used for the fitting was the Damping Gauss
Newton Method (25).

K. was calculatedusing the following equation from the inhibition data (see
Fig. 6) obtained by varying the inhibitor concentration (I) while the [3H]DNP

SG (1 p@M)concentration was kept constant.

VO/S = Vmax/[Km(I + 1/K) + SI (H)

where the Km5of DNP-SG obtained from Fig. 7 were used.
The apparent kinetic parameters (Kmuppand Vmax,app)for ATP-dependent

uptake of DNP-SG in the presence of L-MTX were also estimated by fitting
the data (see Fig. 7) to Eq. H. The inhibition constant (K) for L-MTX was also
calculated using the following equation, assuming competitive inhibition:

K, = Kmâ€@̃@/(A'm.app@ Km) (I)

where Km @5the Michaelis constant for AlP-dependent uptake of DNP-SG in
the absence of L-MTX, Kmapp15 the apparent Michaelis constant in the
presence of L-MTX, and 1 is the concentration of L-MTX.

In Vivo Study. Time profiles for the plasma concentrations (Fig.
1A) and cumulative bibiary excretion ratio (Fig. 1B) of L-MTX for the
period up to 150 mm after i.v. administration of L-MTX in both SDRs
and EHBRs are shown in Fig. I. Time profiles for the plasma
concentrations in both SDRs and EHBRs closely fitted a three
exponential equation (Fig. IA). The plasma disappearance of L-MTX
was delayed in EHBRs, compared with SDR. The cumulative bibiary
excretion ratio at 150 mm for EHBRs (7.5% dose) was one-tenth that
for SDRs (72% control; Fig. lB). The pharmacokinetic parameters
obtained are shown in Table I.

In Vitro Transport Experiment Using CMVs. The characteris
tics of CMVs prepared from SDRs used in the present study exhibited
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Fig. 1. Plasma disappearance (A) and biliary excretion (B) of L-MTX after iv. bolus
@ administration(22 @mol/kg)toSDRs(0) andEHBRs(â€¢).Eachpointrepresentsthemean
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ATP-dependent uptake for [3H]DNP-SG (140 s.d/mg protein/2 mm),
whereas the CMVs prepared from EHBRs had approximately one
thirtieth the activity for [3H]DNP-SG (5 @.tl/mgprotein/2 mmn).Both
CMVs exhibited comparable activity with respect to [3HJTCA uptake
(140 and 100 @.tl/rngprotein/2 mm for SDRs and EHBRs, respective
by). Time profiles for the uptake of [3H]L-MTX by CMV are shown
in Fig. 2. In the uptake study using CMVs prepared from SDRs, ATP
stimulation and overshoot phenomena were observed. Such overshoot
phenomena may be due to the consumption of ATP and commonly
found for substrates for primary active transport systems (Fig. 2A); on
the other hand, no ATP stimulation was observed in the uptake by
CMVs prepared from EHBR (Fig. 2B). Because the uptake by CMVs
prepared from SDRs in the presence of AlP (5 mM) and ATP
regenerating system increased linearly up to 3 mm (Fig. 2A), in the
following analyses the initial uptake rate was calculated from the data
2 mm after the reaction started. The uptake of [3H]L-MTX by CMVs
prepared from SDRs in the presence of AlP fell as the medium
osmolarity increased (Fig. 3). Vanadate inhibited the AlP-dependent
uptake of [3H]L-MTX (Fig. 4). Except for ADP, no other nucleotides
stimulated the uptake of [3H}L-MTX (Fig. 4). The AlP-dependent
uptake, assessed by subtracting the uptake in the absence of AlP from
that in its presence of [3H]L-MTX by CMVs showed saturation
kinetics (Fig. 5) and provided a Km of 296 Â±62 p.M and a Vmax of

1450 Â±190 pmol/min/mg protein. The ATP-dependentuptake of
[3H]DNP-SG was reduced in a concentration-dependent manner by

unlabeled L-MTX (Fig. 6) with a K1 of 386 @LM.This value was
comparable with the Km (296 @.LM)for [3H]L-MTX uptake. This
inhibition profile of L-MTX for the AlP-dependent uptake of
[3HIDNP-SG was similar to that for the AlP-dependent uptake of
[3H]L-MTX (Fig. 6). Then, we investigated the type of L-MTX
inhibition for the AlP-dependent uptake of [3H]DNP-SG (Fig. 7). In
the absence of L-MTX, the Km and Vmaxvalues were 10.7 Â±2.3 @M
and 653 Â±67 pmollmin/mg protein, respectively (Table 2). In the

012345
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Fig. 3. Osmolarity effects on the uptake of [3H)MTX (I pM) by CMVs prepared from
SDRs. The uptake was measured in CMVs pretreated for 20 mm at 25'C with 0.25â€”1M
sucrose. After 3 mm preincubation, the reaction was started by the addition of CMVs (10
ILg of protein). Reaction mixtures were incubated for 10 mm at 37'C with (0) or without

(â€¢)ATP(5mM)andATP-regeneratingsystem(10mstcreatinephosphateand 100 @sWml
creatine phosphokinase) in the medium. Each point represents the mean of three different
experiments; bars, SE. Solid lines, linear regression lines.
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Fig. 4. Effects of nucleotides and vanadate (VD) on the uptake of [3HJL-MTX by
CMVs prepared from SDRs. After 3 mm preincubation, the reaction was started by the
addition of CMVs (10 @zgof protein). Reaction mixtures were incubated at 37*C with or
without nucleotide (5 mM)in the presence of ATP-regenerating system (10 msi creatine
phosphate and 100 @sg/mlcreatine phosphokinase) in the medium. The concentration of
VD in the incubation medium was 100 @sM.Each column represents the mean of three
different experiments; bars, SE.
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Table 1 Pharmacokinetic parameters of L-MTX after i.v. administration (22 pinol/kg)
to SDRs and EHBRs
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Fig. 2. Time profiles for the uptake of [3HIL-MTX ( I .tM) by CMVs prepared from
SDRs (A) and EHBRs (B). After 3 mm preincubation, the reaction was started by the
addition of CMVs (10 @gprotein). Reaction mixtures were incubated at 37'C with (0) or
without (S) ATP (5 mM) and ATP-regenerating s@steIu (10 nmt creatitic piiuspha'@ @tu@
100 @g/mlcreatine phosphokinase) in the medium. Each point represents the mean of
three different experiments; bars. SE.
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Fig. 5. Eadie-Hofstee plots for uptake of [3H]L-MTX in the presence and absence of
AlP (A) and ATP-dependent uptake of [3HJL-MTXby CMVs prepared from SDRs (B).
In A, CMVs were incubated at 37'C for 2 mm with (0) or without 4) ATP (5 mM)and
AlP-regenerating system (10 inst creatine phosphate and 100 @zg/mlcreatine phosphoki
nase) in the medium. In B, the AlP-dependent uptake was assessed by subtracting the
uptake in the absence of ATP from that in its presence. B, solid line, the fined line based
on Eq. G. Each point represents the mean of three different experiments; bars, SE.I
presence of L-MTX, the Km,appand Vmax,appvalues were 24.3 Â±4.3
@LMand 823 Â± 88 pmol/min/mg protein, respectively (Table 2). The

apparent Km increased (approximately 2.3-fold), while the@
changed only slightly (approximately 1.25 times; Table 2), suggesting
that the inhibition is competitive. K3estimated from Eq. 1 was 236 p@,
comparable with the Km for [3H]L-MTX uptake. The inhibitory ef
fects of L-MTX and its optical isomer, (â€”)amethopterin (D-MTX),
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Table 2 Kinetic parameters for the ATP-dependen: u,;gakeoffH/IJNP-SG byCMVspre,;aredfrotn
SDRsK,,

or K,,@ Vmay(or@ @(@sM)
(pmollnsin/ntgprotein)Control

10.7 Â±2.3 653 Â±67+L-MTXÂ°
24.3 Â±4.3 823 Â±88(1

Data shown in Fig. 7 were used to calculate these parameters.
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route of elimination at this dose (22 p@mol/kg). Biliary excretion is
considered to be an important factor governing the pharmacokinetics,
pharmacodynamics, and toxicodynamics of L-MTX because L-MTX
undergoes enterohepatic circulation (4). We compared the pharmaco

kinetics of L-MTX (22 @mol/kg)between SDRs and EHBRs. In
EHBRs, the plasma disappearance was slower than in SDRs (Fig. bA).
The CL10,in EHBRswas one-half thatin SDRs, whereasno difference
was observed in Vd@,,between EHBRs and SDRs (Table 1), suggest

ing that the delay in the plasma disappearance in EHBRs is caused by

reduced elimination clearance. The CL@1@in EHBRs was decreased to
1/23 that in SDRs (Table 1). These results suggest that L-MTX may
be excreted into the bile by cMOAT.

To demonstrate this hypothesis directly, we examined the uptake of
[3HJL-MTX by CMVs prepared from SDRs and EHBRs (Fig. 2).
Recently, molecular cloning of cMOAT from SDRs was reported (16,
34), and the gene expression of cMOAT is defective in EHBR liver.

In the uptake of [3HIL-MTX by CMVs prepared from SDR, stimu
lation by ATP (+ATP-regenerating system) and overshoot phenom
ena were observed (Fig. 2A), whereas no ATP stimulation was ob

served in EHBRs (Fig. 2B), demonstrating that cMOAT participates

in the biliary excretion of L-MTX. This hypothesis is also supported

by the following findings; the uptake of [3HIL-MTX in the presence

of ATP fell as the medium osmolarity increased (Fig. 3), vanadate

inhibited its ATP-dependent uptake (Fig. 4), and nucleotides other

than ATP did not stimulate the uptake of [3HJL-MTX, except ADP
(Fig. 4). Minimal stimulation by ADP may be accounted for by the
production of ATP by the AlP-regenerating system added. The up
take of L-MTX exhibited saturation (Fig. 5). These results suggest
that the ATP stimulation observed in the uptake of [3HJL-MTX was
not caused by binding to the surface of CMVs but by carrier-mediated
primary active transport into CMVs. In addition, L-MTX inhibited the
ATP-dependent uptake of [3H]DNP-SG, a typical substrate for
cMOAT, in a concentration-dependent manner (Fig. 6) with a K1(386
.LM) comparable with the K,@ (296 j.LM) of L-MTX uptake itself.

L-MTX competitively inhibits the ATP-dependent uptake of
[3HJDNP-SG with a K (236 @M)also comparable with the K,,, (Fig.

125
0
5..

a
0
V
C.
0

at
.@

a,

.

75

50

25

__II@
Control 10 tOo iÃ³oo

L-MTX [ tM]

Fig. 6. Effects of L-MTX on the ATP-dependent uptake of [3HIDNP-SG ( 1 ,.LM,0) or
I3HIL-MTX (1 j.LM,â€¢)by CMVs prepared from SDRs. After 3 mm preincubation. the
reaction was started by the addition of CMVs (10 @sgprotein). Reaction mixtures were
incubated at 37'C for 2 mm with ATP (5 mM) and AlP-regenerating system (10 msi
creatine phosphate and 100 @sg/mlcreatine phosphokinase) in the medium. The uptake
was measured at various concentrations of L-MTX. Each point represents the mean of
three different experiments; bars. SE. Solid lines. the fitted lines based on Eq. H.
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Fig. 7. Eadie-Hofstee plots for the ATP-dependent uptake of [3HIDNP-SG in the
absence (0) or presence (â€¢)of L-MTX (300 @sM)by CMVs prepared from SDRs. CMVs
were incubated at 37'C for 2 mm with or without ATP (5 mM)and ATP-regenerating
system (10 mMcreatine phosphate and 100 @sg/mlcreatine phosphokinase) in the medium.
Each point represents the mean of six differenl experiments; bars, SE. Solid lines, the
fluedlinesbasedon Eq.G. Obtainedkineticparameterswerelistedin Table2.

on the uptake of [3HIL-MTX is shown in Fig. 8. D-MTX inhibited
[3H]L-MTX uptake at a lower concentration than L-MTX (Fig. 8).
The Ks of L-MTX and D-MTX for the uptake of [3HIL-MTX
calculated from Eq. H were 326 Â±81 ,.@Mand 92.8 Â±5 1.1 @.LM,
respectively. Thus, D-MTX has a higher affinity for the transporter
than L-MTX.

DISCUSSION

Biliary excretion is an important route for the elimination of am
phiphilic organic anions, and various ATP-dependent systems have
been identified as being involved in transport across the canalicular
membrane (27). It is obvious that the primary active transporter
cMOAT, which excretes amphiphilic organic anions into the bile, is
defective in TR and EHBR derived from Wistar and SDR strains,
respectively, whereas other transporters such as P-gbycoprotein and
the primary active transporter for bile acids were maintained (28â€”32).
As reported previously, the biliary excretion of various organic an
ions, such as dibromosulfophthalein and cefodizime, is reduced in
EHBR after iv. bolus administration (33). Cefodizime has two car
boxyl groups in its structure as does L-MTX. Therefore, it may be
possible that the biliary excretion of L-MTX is reduced in EHBRs. To
examine this possibility, we performed an in vivo pharmacokinetic
study using SDRs and EHBRS.

After i.v. bolus administration of L-MTX (22 @molIkg)to SDRs,
following bile duct cannulation, 62% of the dose was excreted into
bile, whereas 27% of the dose was excreted into urine (data not
shown). This result suggests that biliary excretion is an important
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7). Taking all these observations together, it can be concluded that
L-MTX is excreted into the bile by the primary active transporter,
cMOAT, which is located on the bile canalicular membrane.

D-MTX, an optical isomer of L-MTX, inhibited [3H]L-MTX uptake at
a lower concentration than L-MTX (Fig. 8), suggesting that there is a
difference between the affinity of L-MTX and D-MTX for cMOAT. As

far as we know, this is the first report showing that cMOAT exhibits a
different affinity for optical isomers. However, it cannot be concluded
that D-MTX is also a substrate for cMOAT from the present study alone.
In the future, it will be necessary to clarify whether D-MTX itself is also

transported by cMOAT or is just an inhibitor of L-MTX transport.
In conclusion, L-MTX is excreted into bile by the primary active

transporter, cMOAT, and the affinity for cMOAT differs between the
two optical isomers.
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