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Gabapentin (1-(anrinomethyl)cyelohexaneacetic acid) is a neuropro-
tective agent with antiep0cptic properties . The structure is small
(molecular weight less than 200). is zwitterionic . and resembles an
amino acid with the exception that it does not contain a chiral car-
bon and the amino group is not alpha to the carboxylate fbnction-
ality. Gabapentin is not metabolized by humans, and thus, the
amount of pbapentin excreted by the renal route represents the
fraction of dose absorbed. Clinical trials have reported dose-
dependent bioavailabilities ranging from 73 .8 c 18 .3 to 35.7 = 18.3%
when the dose was increased from 100 to 1600 mg . The permeability
of gabapeatin in the rat intestinal perfusion system was consistent
with carrier-mediated absorption . i .e . . a 75 to 80% decrease in per-
meabiility when the drug concentration was increased from 0 .01 to 50
mM (0.46 = 0.05 to 0.12 : 0.04) . Excellent agreement was obtained
between the actual clinical values and the predicted values from in
situ results for the fraction of dose absorbed calculated using the
theoretically derived correlation. Faye I - exp( - 2Paa) by Ami-
don et at. (PIrarm. Res. 5 :651-654. 1988). The permeability values
obtained for gsbapentin correspond to 67 .4 and 30.2% of the dose
absorbed at the low and high concentrations. respectively. In the
everted rat intestinal ring system gabapentin shared an inhibition
profile similar to that of L-phenyWanine . Characteristics of gabap-
entin uptake included cross-inhibition with L-Phe. sensitivity to in-
hrbitian by L-Len. steseoselectivity as evidenced by incomplete in-
hibition by n-Phe, and lack of effect by Gly. Our findings support
absorption of gabapeatin by a saturable pathway. system L. shared
by the large hydrophobic amino acids . L-Phe and L-Len . The satu-
rable absorption pathway makes a major contribution to the lack of
proportionality in plasma levels of drug with increasing dose ob-
served in the clinic.
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INTRODUCTION

The availability of an orally administered drug to sites o f
action in the body is determined by several factors, including
dissolution, absorption, metabolism, and excretion . In par-
ticular, xenobiotics that structurally resemble nutrients or
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endogenous substances may be substrates for carrier- or re-
ceptor-mediated events . The impact of nutrient mimetic
transport or binding on drug delivery may manifest in non-
linear pharmacokinetics, i .e ., a lack of direct proportionality
between administered dose and drug levels in plasma.

Gabapentin (Fig. 1) is an analogue of y-aminobutyric
acid (GABA) with neuroprotective and antiepileptic proper-
ties (1) . The mechanism of action for gabapentin is unknown .
However, gabapentin does not interact with GABA recep-
tors, it is not a GABA agonist or an inhibitor of GABA
uptake or degradation, and unlike carbamazepine and phe-
nytoin . the drug does not interact with sodium-dependent
channels (2). Recently, gabapentin was shown to bind avidly
to a novel site in rat cortical synaptic plasma membranes,
which suggests a unique mechanism of action for anticon-
vulsant activity (3) .

The human pharmacokinetics of gabapentin are straight-
forward . The drug does not bind to plasma proteins (4), is
not metabolized (4,5), and once absorbed, is excreted en-
tirely in the urine with an elimination half-life of 5 to 7 hr
(4.5) . The rate of drug absorption is relatively slow following
oral administration of a drug solution (5) : moreover, the ex-
tent of drug absorption decreases as the gabapentin dose is
increased from 100 to 1600 mg (1 .5)3 (Fig . 2) .

The structure of gabapentin closely resembles that of
the bulky, hydrophobic amino acids, L-leucine and L-phe-
nylalanine, that are substrates for the system L transporter
(6). Noteworthy differences are the lack of a chiral carbon
and the fact that the amino group is not alpha to the carbox-
ylate functionality . Rat intestinal perfusion methodology in
situ (7.8) was utilized to verify the existence of a saturable
transport component as the underlying cause of the depen-
dence of fraction absorbed on dose. The everted rat intesti-
nal ring technique was then employed to further characterize
the intestinal absorption of gabapentin .

MATERIALS AND METHODS

Materials. Gabapentin [i-(aminomethyl)cyclohexane-
acetic acid; CI-945; Lot XH3708991 and ["C]gabapentin
(Lot N0286.2701 ; radiochemical purity. ;-99%) were used inall studies . 2-(N-Morpholino)ethanesulfonic acid (MES)
buffer was prepared from MES . NaCI, and KCI (Sigma
Chemical Co ., St . Louis, MO). All transport inhibitors, ref-
erence compounds, and PEG-4000 were also purchased from
Sigma Chemical Co . . with the exception of cycloleucine (1-
amino- l-cyclohexane-carboxylic acid) and isonipecotie acid
(Aldrich Chemical Co.! Inc., Milwaukee, WI). Radiochemi-
cals were purchased from either New England Nuclear/
Dupont, Boston, MA (D-[3H]manaitol, [3H]acetaminophen,
['H]L-Phe. f3H]- and ["C]PEG-4000) or Amersham, Arling.
ton Heights, IL Q3H]prednisolone) . Soluene and Hionic-
Fluor were purchased from Packard Instrument Co. (Meri .den, CT) . Neutralizing solution (PGM) was prepared from a
saturated solution of sodium pyruvate in methanol, glacial
acetic acid, and methanol at the ratio of 43:1 by volume.

Single-Pass Intestinal Perfusion in Rats. Experiments

' References refer to 300-mg data. other data are cootaimed in Parke.
Davis/Warner-Lambert Protocols 877-073 and 945-037 .
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Fg. 1 . Structure of gabapeatin ICI-945
; 1-(aminomethylkyclo-hexaneacetic acid).
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using the nonabsorbable marker, then

umensionless steady-state used to eatculate di-
PenneabditieS (7):

P.rr [in (C /Ci.)Y(-4Gz)
where the Graetz number Gz = nD (l)
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to discern from in rno results due to the complex nature of (a-mannitol) to 3
.57 ::!- 0 .21 (0 .01 mM L-Phe) . According tocompeting and overlapping biological proces corollary to this inter-

e 1
.0 arc consistent with

ses
. metabolized

, ce theory
.compound spermtha

teabilitie
sweare

gllreate
rabsorbthand; a

gabapenti n the is freely soluble in water and is no

t saturability of intestinal absorption is suspect in explain- pretation is that these are compounds for which membran
eing the observed nonlinearity

. A recent report investigated transport is not rate-limiting to systemic availability. L-Phe isthe intestinal absorption of gabapentin over a wide concen- reported to have a transport K,,, in the 0
.5 to 5 mM rangenation range (0.001 to 100 mM) using everted sacs of rat (14-17) . The permeability of t.-Phe in the single-pass perfu-intestine (1I) . The authors excluded a carrier-mediated sion experiments decreased from 3 .57 = 0 .21 to 1 .41 = 0.16,transport mechanism on the basis of an apparent linear de . or approximately 60%. when the concentration was in-pendence of absorption rate with concentration ; however, creased from 0.01 to 50 mM. This finding established that thethe in vitro data in the range of l to 10 mM are few

. This perfusion system could be used to identify saturable trans-concentration range corresponds to the in vivo dose range port in our hands .100 to 500 mg
. where a sharp decrease in the fraction of dose The permeability of gabapentin as determined in theabsorbed occurs

. This fact, combined with the noted leaki- perfusion system was consistent with carrier-mediated trans-
ness of the evened sac technique for polar compounds (12), port ; i .e ., a 70 to 75% decrease in permeability was observed
may lead to masking of the carrier-mediated component by when the concentration of gabapentin was increased fromthe high nonsaturable component . In this report . the intes. 0.01 to 50 mM in situ (Fig . 4) . The lowest dose administeredtinal absorption component was isolated experimentally us- to humans, 100 mg, dissolved in a human intestinal volume
ing in situ and in tiro techniques to determine whether a of 250 mL, corresponds to a lumenal concentration of 2

.3saturable transport mechanism was responsible for the de- mM
; the measured fraction absorbed was 74% (Table I) . Atcrease in the fraction of dose absorbed

. the low concentration of gabapentin (0.0 1The relationship of permeabilitics obtained from in situ mm) used in the
perfusion of rat intestine with the fraction of dose absorbed 0

.05 yielded a calculate
d effective

of 67.4% of the dose ab-in humans has been described by Amidon er a!. (7). Com- sorbed. The highest dose administered in the clinic. 160D mg,pounds with reported values for the fraction of dose ab . was equivalent to a 37.4 mM lumenal solution. and 36% ofsorbed in humans were selected as references in our ap- the dose was absorbed in vivo
. At the high concentration ofpraisal of the single-pass intestinal perfusion system in rats . gabapentin (50 mM) perfused throug

h These compounds included D-mannitol (5% absorbed), acct- P, decreased to 0.12 = 0 .04, corresponding to atcalculatedaminophen (65 to 80% absorbed), and prednisolone (90 to fraction absorbed of 30
.2%. Thus . using the theoretically100% absorbed)

. L-Phenylalanine, which is well absorbed derived correlation for in situ permeability with fraction of
(95 to 100%) and has previously been shown to be trans- dose absorbed in vivo, excellent agreement was obtained
ported by a carrier-mediated process (14,15), was studied at between the predicted values for fraction absorbed and thosetwo concentrations (0 .01 and SO mM). For gabapentin, val- observed in humans (Table I) . These findings further suggestues obtained from clinical trials were used for the fraction that the K

. for gabapentin transport is in the millimolarabsorbed at low (I00-mg) and high (1600-mg) doses
. A good range since the bioavailability of the lowest dose adminis-correlation was found between the dimensionless permeabiil- tend is somewhat highe

r ity values for each compound and the fraction absorbed in mated from the permeabilit y than th e ta fed a 0 absorbedM g as een-
humans (Fig. 3). The results were well described by the re- tin, obtained at 0 .01 m gabapn-
lationship, F,b, - I - exp(-2P,t

.), as evidenced by com- The everted intestinal ring technique is an in vitro tool
parison of the experimental results with the theoretical curve with which to obtain mechanistic' information related toin Fig. 3. Effective permeabilities ranged from 0.05 = 0 .03

0 .0 0.5 t .0 1.5 2.0 2.5 3.0 3.5 4.0

ifective Permecbility

0.20

0 .00

aew. .a :•e 50 ..II-P .t 00 . ..r L P.E 0 .50

0.40 ~

0 .30 1

0 .20

0.1 0

0 .00 M

0.01 so

GABAPENTI N

0401 /

0.80

0 .60

Fig. 3 . Fraction of dose absorbed in humans for reference com-
pounds versus effective permeability using single-pass perfusion of
rat intestine in situ. The theoretical curve is calcubued from F,s,,,tm

I - exp(-2P~a). Each point represents the mean permeability
obtained in four to eight rats = SE .

CONCENTRATIO N
(*„►,t )

Fig. 4. Effective per eabtlity of gabapentin at two concentrations
in single-pass perfused rat intestine. Each bar is the mean of seven
or eight rats plus the standard error of the mean.
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Table I
. Fraction Absorbed as a Function of Gabapentin Dose Ad

.!roistered to Humans (Observed) or Gabapentin Solution Perfused
Through Rat Intestine (Predicted)

D
(m

e ose [Gabaperitinj
(mM)'

0 0 1.
100
300 7

.0

600 7
.0

14.0
800 18 .7
900 21.0

1200 1
1600 28

.1
37 . <
50
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shown in the inset to Fimixing g. 5. Dependency of solute flux onwas examined b ly p otting th iiil lenta sope versus re-ciprocal shaking rate (Fi Sg ) The ubid.
.nase membrane flux,Fraction absorbed Jo• was obtained by extrapolation to infinite shaki

nObserved, and used to calculate the membrane 8 rate
Predicted° permeabr7ities fora-manniros j .- P~ttaeabili PO - Ringng

73 .8
68.0
41 .7
41 .7
43 .3
35.7
35 .7

67.4

30. 2
Calculated using MW - 171 Da and asst

s
intestinal volume for dose dissolution . assuming 230-ntL humus

Relative standard deviation (RSD) ranged from 3
.5 to 24 .3% of theobserved fraction absorbed .

c Calculated from fraction absorbed a 1 - exp(-2P .)_

transport processes rather than an isolated screening method
for in vivo predictions

. Incubation times are relatively short,
minimizing leakiness due to loss of functional integrity

.Comparison of ring data between compounds of different
liPophilicities and molecular weights may be misleading if
the hydrodynamics of transport to the membrane are not
characterized

. In an empirical approach to this problem, the
uptake of selected reference compounds was studied over
time at three shaking rates to vary mixing of the incubation
media

. A representative time course for gabapentin uptake i
s

0

0.0

0.

0.020

mFig. S . Efictx of water- baths in/cya )
rings . Te uptake rates of rate on uptake rate of gabapentin by rat everted intestinal
reciprocal of the shaking rzt'then xtrapola5 . to and 115 cycles/m,4 are plotted against th

e Tnite or flux unbiased by aqueous rcsistanM The unbiased shaking rate to obtain the uptake rat epoint represents 30 intestinal rings;mm one rat flux vas 116 g 0.07 tin b g-tmn. Each
intestinal rings as a function of time

. Incubati w ons Dwe
. Inset: re Uptake at 7 pectin b e vwater-bath shaking rate. Each data conducted at 11Y ~~ rat

point represents the mean of three 3 rings -e
l = SE

. ~es/min

L-Pbe are sum '"n, Prcdnisolone, and
absorbed inmain at tits and compared to the reported fraction

mans in Table IL n-Mannitol and L-Phe re-the low and hi hg extremefhs o te permeability-
fraction absorbed correlation, as in the in sirrr perfusion stud-ies

; however, the rank order of gabapentin and prednisolone
was reversed in vitro

. It can be concluded from these limitedstudies that the ring systemcompounds that a may be useful for differentiatingre poorly
discriminating for rank order.

Saturable transport of L-Phe was established in
everted intestinal ring th

e [3 system by studying uptake fromH)L-Phe solutions at three concentrations, while carrier_mediate
ddecreasedtake specificitywas tested with potential inhibitors . Up-

byi approximately 40% when the L-Phe con-
centration was increased from 0

.01 mm (control) to 5 mM.and by 73% when the concentration was 50 mM (Table III)
.The decrease in uptake at 50 mM L-Phe was comparable to

that observed in the single
.pass perfusion results (Fig. 3) .Intermediate uptake at S mM was in agreement with the

rntllrrnolar K„ range reported for L-Phe in the literature(14.15,17)
. The remaining uptake of L-Phe at 50 mM can be

ascribed to the nonsaturable pathway (18)
. L-L eu was an

effective inhibitor of L-Phe uptake, consistent with carrier-
mediated absorption via a shared pathway

. The transport ofL-Phe was stereoselective, as evidenced by incomplete inhi-
bition by n-Phe_ Gly, which interacts weakly with the intes-

.000 0.005 0.10 0.015
l /Shaking Rote

00.3622.2
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Table II. Sernmary of uptake of Reference Compounds by Rat
Evertd nipecotic acid, illustrated that variation in the distance be-bias] Rings

: Comparison with Fraction Absorbed {F,s,) tween the amino and the carboxylate moieties could be tol-

pound

Concen-
tntion
(=At)

Flux x SE
(nmol/g-rnln)-

103 P x SE
(cm/min)' F

Dtol 0.1 3 .35 s 0.14 1 .40 x 0 .06 0 .0 5
Gabapenric 0.01 1 .26 x 0 .07 5 .25 := 0 .27 0.74Prednisokim 0 .1 8 .20 x 0.38 3.42 x 0.16 0.95L-Phe 0.01 5 .61 = 1 .69 23 .4 x 7 .04 1 . 0

Each flux was determined from the initial slopes of uptake-time
COMM at three water-bath shaking rates . Each time course con-
sisted of a minimum of eight time points (0 .5 to 10 min). with n
3 rings per time point (one rat per time course) .
Calculated using Eq . (3).

tinal system L transporter at lower lumenal concentrations,
inhibited L-Phe uptake approximately 50% at the 50 mu
inhibitor concentration used in the study . Gabapentin re-
duced the uptake of L-Phe appreciably (66%), suggesting
moderate to strong interaction with the transporter.

Inhibition studies with [r'C)gabapentin were consistent
with the profile exhibited by L-Phe . Diminished uptake was
observed when the gabapentin concentration was increased
from 0.01 anti (control) to S mM, with a further decrease at
50 mM: however. the lower uptake rate measured at 50 mM
gabapentin . while significantly different from the control up-
take, was reduced by only 25% (Table III). L-Leu and L-Pbe
inhibited gabapentin uptake to the same degree . suggesting a
shared pathway. As in previous experiments with L-Phe,
D-Phe was a less effective inhibitor, implicating a stereose-
lective preference for the L-isomer . Significant inhibition by
the structurally similar compounds . cycloleucine and iso-

Table III- Concentration Dependence and Inhibition of L-Phenylal-
anine and Gabapentin Uptake by Rat Evened Intestinal Rings

erated . Gly did not inhibit gabapentin uptake .
The disparity in the amount of saturable transport be .

tween L-Phe and gabapentin in the ring experiments is most
likely due to differences between tissue binding of the two
compounds to mucosal as well as other surfaces exposed in
the intestinal ring preparation. High nonsaturable compo-
nents in this experimental system have also been observe d
for Sy 29,852, a oipepudic ACE inhibitor absorbed by the
peptide transporter (19) . The difference in saturable trans-
port of gabapentin between perfusion and ring experiments
is most likely because the former is a steady-state and the
latter an initial-rate technique.

Several lines of evidence support the conclusion that
gabapentin is absorbed by the large, neutral amino acid
transporter (system L) . although the magnitude of the non-
saturable component complicates interpretation of the re-
sults in the everted ring system. The inhibition profiles of
L-Phe and gabapentin demonstrate cross or mutual inhibi-
tion, share common patterns with structurally similar amino
acids and analogues, and are stereoselective . The decrease
in gabapentin uptake in vitro at 50 mM logically constitutes
the entire component of gabapentin transport that is satura-
ble, although the degree of inhibition is much less than ob-
served with in situ perfusion experiments . Equivalent reduc-
tion of the saturable component by L-Phe or L-Leu supports
uptake by system L as the major saturable pathway for
gabapentin absorption .
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0 .75 x 0.05 •

Mean value of test uptake/control uptake x SE of 6 to 12 rings
from 2 to 4 rats- Uptake was studied for I or 1 .5 min at 37'C,
90-cycles/min water-bath shaking rate. Inhibitors were studied at
50mA.

• Control uptake rate for L-Phe was 0.331 x 0 .026 naiol/mia-g.
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