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The Caco-2 model system (Hidalgo et al., Gastroenterology, 96:736-749, 1989), which is a monolayer
of polarized intestinal epithelial cells grown onto a porous polycarbonate membrane, was used to study
the mechanism of transcellular transport of an antihypertensive agent, L-a-methyldopa (L-a-MD). The
results showed that the transport of L-a-MD was pH, glucose, concentration, and temperature de-
pendent, and it could be inhibited by metabolic inhibitors (e.g., 2,4-dinitrophenol) and by amino acids
(e.g., L-phenylalanine) which have an affinity for the large neutral amino acid (LNAA) carrier. In
addition, the apparent Kinetic constants describing the transcellular transport of L-a-MD were altered
depending on the time interval between feeding the cells and the transport experiments (postfeeding
time, PFT). The apparent maximum carrier flux (J,,,,,) of L-a-MD was significantly increased (from
155 to 547 pmol/mg protein/min) when PFT was prolonged from 8.5 to 56 hr. These results indicated
that the transcellular transport of L-a-MD through the polarized Caco-2 cell monolayer was carrier
mediated via the LNAA carrier. The similarities in the characteristics of L-a-MD transport exhibited
by the Caco-2 model system and other intestinal models in vitro further substantiate the usefulness of

this cell culture model for studying the intestinal transport of nutrients and drugs.
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INTRODUCTION

L-a-Methyldopa (L-a-MD; Aldomet), an aromatic
amino acid, is a commonly prescribed antihypertensive drug
(1). After being absorbed orally, L-a-MD can produce its
antihypertensive effects only after it has been transported
across the blood-brain barrier and converted to its active
metabolites (2-4). The transport of L-o-MD across the
blood-brain barrier was shown to be mediated by the large
neutral amino acid (LNAA) carrier (2).

The systemic availability of orally administered L-o-
MD is poor (approximately 25%) and variable (a factor of
three) (5-7). The poor bioavailability is not due to the in-
traluminal degradation since it has been shown that unab-
sorbed L-a-MD is recovered intact in the faeces (8,9). In
order to elucidate the reasons for the problematic bioavail-
ability, various investigators (10-12) have studied the mech-
anism of L-a-MD transport. The conclusion derived from
these studies was that the transport (uptake) of L-a-MD
across the intestinal mucosa is mediated by the LNAA car-
rier. Furthermore, the rate of transport of L-a-MD was
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shown to be slower than that of natural substrates (e.g.,
L-phenylalanine; L-Phe). The slower rate of transport (low
membrane permeability) of L-a-MD is probably due to the
presence of the a-methyl group, which is known to hinder
the transport of amino acids (e.g., a-aminoisobutyric acid)
(13). Studies have also shown that L-o-MD undergoes sig-
nificant first-pass metabolism, with as much as 50% of the
absorbed drug being metabolized (6,7); the major metabolic
pathway is sulfate conjugation catalyzed by phenol sul-
fotransferase (14). Based on the results of these studies, the
poor bioavailability of L-a-MD can be attributed to both low
membrane permeability and first-pass metabolism. The
highly variable bioavailability of L-a-MD is probably due to
the presence of varying amounts of amino acids in the diet
which can compete with L-a-MD for the LNAA carrier.

The information described above concerning the mech-
anism of L-a-MD transport through the intestinal mucosa
has been obtained using several intestinal model systems
including (a) whole-animal systemic absorption studies (5-
9), (b) intestinal perfusion studies (11), and (c) everted intes-
tinal ring studies (10). However, each of these models has
inherent problems. For example, a major problem with in-
testinal perfusion and whole-animal experiments is the high
degree of variability. The everted intestinal ring preparation
has limited viability and does not take into account the po-
larity of the intestinal mucosa.

The development of the Caco-2 model system (15),
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which is derived from a human colonic carcinoma cell line
(Caco-2), has made it possible to study the mechanism of
transcellular transport at the microscopic (cellular) level in a
highly viable, polarized intestinal cell line. The Caco-2
model system has been used previously to study the trans-
cellular transport of nutrients (16-19), including large neutral
amino acids (16). Studies by Hidalgo and Borchardt (16)
have shown that Caco-2 cells have a LNAA carrier system
capable of mediating the transcellular transport of amino ac-
ids like L-Phe. Therefore, the purpose of this study was to
delineate the transport characteristics of L-a-MD in the
Caco-2 model system and to determine whether these trans-
port characteristics are consistent with those observed with
other intestinal model systems.

MATERIALS AND METHODS

Materials

[*C)-L-a-MD (7.5 mCi/fmmol) and L-o-MD were gifts
from Dr. Joseph A. Fix of INTERx-Merck Sharp and
Dohme Research Laboratories (Lawrence, KS). [**C]-
Mannitol (55 mCi/mmol) was purchased from American Ra-
diolabelled Chemicals, Inc. (St. Louis, MO). Cell culture
media and reagents for culturing Caco-2 cells were the same
as those reported previously (15). Dulbecco’s phosphate
buffer solution (D-PBS; powder form), Hank’s balanced salt
solution (HBSS; powder form), D-(—)-arabinose, N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES),
2-[N-morpholino]-ethanesulfonic acid (MES), L-aspartic
acid (L-Asp), L-lysine (L-Lys), L-Phe, L-dopa, L-proline (L-
Pro), sodium bicarbonate, sodium azide (SA), 2-deoxy-
glucose (DG), and 2,4-dinitrophenol (2,4-DNP) were pur-
chased from Sigma Chemical Co. (St. Louis, MO). Other
chemicals were used as received.

Preparation of Experimental Media

The incubation solutions for transport experiments were
prepared as described below. For solutions containing no
glucose, D-PBS solutions were prepared from D-PBS pow-
der according to the manufacturer’s suggestion and supple-
mented with 25 mM arabinose, 0.9 mM calcium chloride, 5
mM sodium bicarbonate, and 11 mM Mes for pH 5.5 and pH
6.5 solutions or 11 mM Hepes for pH 7.4 solution. For so-
lutions containing glucose, HBSS solutions were prepared
from HBSS powder according to the manufacturer’s sugges-
tion and supplemented with 25 mMf glucose, 11 mM Hepes,
and 5 mM sodium bicarbonate. The pHs of various solu-
tions were adjusted by using either HCI or NaOH. The os-
molarity of the incubation media was approximately 330
mOsm/kg.

Cell Culturing Conditions and Quality Control

Caco-2 cells were plated and grown according to previ-
ously published procedures (15). All cells used in this study
were between passage 69 and passage 79. The monolayers
used in this study were 19-22 days postseeding or 13-16 days
postconfluence. The quality of the monolayer was controlled
by checking the paracellular transport of [**C]mannitol and
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transepithelial electrical resistance (TEER). The normal
TEER values typically range from 350 to 500 Q-cm? and
['*CImannitol leakage is normally less than 1% per hr per
well.

Protocol for Transport Studies

A standard transport experiment was performed as fol-
lows: 1.5 ml of test solution (37°C) containing the compound
of interest in an appropriate buffer was loaded onto the api-
cal (AP) side (donor side) of a cell insert (Transwell, CoStar,
Cambridge, MA). The insert was then partially immersed
into a well containing 2.5 ml of an appropriate buffer (release
medium) at 37°C. The insert was then moved according to a
time course (typically 3, 10, 15, 25, 40, 60 min) from one well
to the other in a six-well cell culture cluster (CoStar, Cam-
bridge, MA). The total radioactivity appearing on the baso-
lateral (BL) side (receiver side) was then determined by us-
ing a liquid scintillation counter (LSC-5801, Beckman, Palo
Alto, CA). At the end of each experiment, the cell mono-
layer was washed at least twice with excess ice-cold HBSS
and treated with 1.5 ml of 1% (w/v) Triton X-100 in 0.3 N
NaOH. After incubation overnight at ambient temperature,
the cells were scraped gently from the polycarbonate mem-
brane and homogenized by incubating the suspension at 37°C
for 30 min. A portion of the homogenate (50 pl) was used for
the determination of protein by Bradford’s method (20) using
bovine serum albumin (Sigma Chem. Co.) as a standard.

Experiments which investigated the effects of pH, glu-
cose, and inhibitors were performed in basically the same
way as those described above except that the compositions
of the incubation media were adjusted according to the ex-
perimental needs (described in either the text or the legends
to the figures).

L-a-MD Stability Test

The chemical stability of the compound was tested both
in blank media, in media preincubated for 1 hr with cell
monolayers, and in media containing Caco-2 cell homoge-
nates. The cell homogenates were made according to stan-
dard procedures from 22-day-old Caco-2 cells after the cells
were detached and scraped from the polycarbonate mem-
brane. The test was performed by spiking L-¢-MD in these
media and following the disappearance of L-a-MD by HPLC
after the samples were treated to remove protein, if neces-
sary.

HPLC Analysis of L-a-MD

The HPLC system used to detect L-a-MD was as fol-
lows: column, cation exchange (SCX, 10 X 250 mm, What-
man, Maidstone, England); solvent system, 90% ammonium
phosphate-phosphoric acid buffer (pH 2.5, 0.01 M) and 10%
acetonitrile; flow rate, 1.5 ml/min; and detection wave-
length, 268 nm. The retention time was 5.8 min for L-o-MD
and the sensitivity of detection was 100 ng/ml.

Data Analysis

The steady-state transcellular fluxes (pmol/mg protein/
min) of L-a-MD were calculated from the linear portion of
‘““time” versus ‘‘amount transported’’ curves by linear re-
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gression. The steady-state flux is defined as the flux which is
independent of time change. After subtracting the flux at 4°C
from the flux at 37°C, the steady-state carrier-mediated flux
(37-4°C flux) at a particular substrate concentration was ob-
tained. These fluxes were then used in the determination of
K, and J,,,, values by using nonlinear regression.

Apparent permeabilities were calculated using the area
of the cell insert (Transwell) membrane, 4.71 cm?, as the
surface area of the transcellular flux. The area of the insert
membrane was used in the calculations of permeabilities
since the protein concentrations were shown to be relatively
constant from insert to insert (<15% intrabatch and <10%
interbatch differences).

RESULTS

Various experiments were designed to demonstrate that
the transport of L-a-MD across the Caco-2 cell monolayers
is carrier mediated. These experiments investigated the ef-
fects of time, concentration, pH, temperature, and compet-
itive species on L-a-MD transport. To ensure that these ex-
periments would lead to reliable and reproducible results,
experimental conditions (e.g., composition of the experi-
mental media, postfeeding time, etc.) were first optimized.
Presented below are the results of these studies.

Selection of Experimental Media

Both the pH of the media and the presence and absence
of glucose have been shown to affect the transport of amino
acids (13,21-23). Therefore, the optimization of these con-
ditions was considered to be critical to obtaining data useful
for analyzing the transcellular transport of L-a-MD. The se-
lection of experimental media was further complicated by
the fact that L-a-MD is more stable in a slightly acidic en-
vironment (24). To investigate the effects of pH and glucose
on L-a-MD transport, a series of preliminary experiments
was performed. The results from these studies are summa-
rized in Table 1. The results indicated that the transcellular
transport of L-a-MD was affected by the pH of the media,
the pH gradient between the AP and the BL sides, and the
presence and absence of glucose and a glucose gradient.

Table I. Effects of pH and Glucose on Transcellular Flux of
L-a-MD Across Caco-2 Cell Monolayers

Flux = SD
Apical Basolateral (pmol/mg
conditions conditions protein/min)?
pH 5.5 (no glu)® pH 7.4 (glu)° 25 = 0.4
pH 6.5 (glu) pH 7.4 (glu) 13x1
pH 6.5 (glu) pH 7.4 (no glu) 12 = 0.7
pH 6.5 (no glu) pH 7.4 (glu) 19 = 0.7
pH 6.5 (no glu) pH 7.4 (no glu) 20 = 0.1
pH 7.4 (no glu) pH 7.4 (glu) 19 = 0.2
pH 7.4 (no glu) pH 5.5 (glu) 18 = 0.2

¢ Transcellular flux of L-a-MD at a concentration of 0.1 mM and a
PFT of 24 hr.

® No glu—glucose absent; 25 mM D-(—)-arabinose was used to com-
pensate for the osmotic pressure difference.

< Glu—glucose present; concentration = 25 mM.
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Based on the results shown in Table I and considering the
chemical stability of L-a-MD, the following conditions were
selected for all subsequent experiments (except pH effect):
AP, pH 6.5; BL, pH 7.4; glucose absent from the AP side;
and glucose present on the BL side. Using an HPLC assay,
L-a-MD was also shown to be chemically stable (>95%) and
biologically stable (>91%) for the time periods used (< or
=60 min) under the selected conditions (data not shown).
These conditions were also selected in part to mimic the in
vivo conditions, where the AP side is slightly acidic and
glucose is always present on the BL side in the small intes-
tine.

Time-Dependent Transcellular Transport

The results shown in Fig. 1 indicate that the transcellu-
lar transport of L-a-MD increases linearly with time after an
initial lag period (e.g., 4 min for 37°C) for all the concentra-
tions studied (0.01-10 mM). Such relationships were ob-
served for transport studies performed at both 4 and 37°C,
however, there was no lag time observed for transport of
L-a-MD at 4°C. The steady-state fluxes were determined
from the linear portion (e.g., 15 to 60 min) of the curves by
linear regression.

Temperature-Dependent Transcellular Transport

The transcellular transport of L-a-MD was shown to be
temperature dependent (Figs. 1 and 2). Furthermore, the
temperature dependence of L-a-MD was more significant at
0.01 mM than at 2.5 mM (Fig. 2), indicating that the trans-
port was mostly an energy-dependent process at lower con-
centrations (<K,,). The less significant effect of temperature
on the transcellular transport of L-«-MD at 2.5 mM indicates

2007
€«—g37C
5% 150 1
2c
28
g9
= o
1001
= o
E
©° 4°C
e
z
50
0 T T T T T T 1

4.1 min

Fig. 1. Time course of L-¢-MD transport at 37 and 4°C in Caco-2
cell monolayers. In this set of experiments, the concentration of
L-a-MD was 0.01 mM, each experiment was performed on a differ-
ent Caco-2 cell monolayer, and each point in the figure is the aver-
age of four experiments at a specific time point. The experimental
medium was pH 6.5 without glucose on the AP side and pH 7.4 with
glucose on the BL side. The PFT was approximately 24 hr. The
error bars represent the standard deviation of the mean.
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Fig. 2. Effect of temperature on transcellular fluxes of L-a-MD in
Caco-2 cell monolayers. The temperature effects were investigated
at L-a-MD concentrations of 0.01 mM (open bar) and 2.5 mM (filled
bar). Conditions of experimental media for L-a-MD were the same
as those in Fig. 1 except that both the release media and the test
solutions were cooled to 4°C before the experiments at 4°C were
initiated. Each bar was the average of three or four determinations.
The asterisks (*, **) indicate that the differences were statistically
significant (P < 0.05, Student’s ¢ test). The PFT was approximately
24 hr. The error bars represent the standard deviation of the mean.

that a nonsaturable, energy-independent process becomes
more important at higher concentrations (>K,,) of the sol-
ute.

Concentration-Dependent Permeabilities

Generally, concentration-dependent permeability is a
valuable indication that the transport is not via passive dif-
fusion. The results shown in Fig. 3 indicate that the perme-
abilities of L-a-MD were concentration dependent. The
highest permeability of L-a-MD was observed with a con-
centration of 0.01 mM (P < 0.05). The permeability of
L-o-MD at 0.1 mM was higher than that at 0.5 mM (P <
0.05), and the permeability at 0.5 mM was higher than that at
2.5 mM (P < 0.05).

Inhibition of L-a-MD Transport

The effects of neutral, acidic, basic, and imino amino
acids on the transport of L-a-MD were studied (Table II).
The results indicated that both the LNAA L-Phe and the
basic amino acid (BAA) L-Lys significantly inhibited the
transcellular transport of L-a-MD. Since BAAs can also use
the LNAA carrier at neutral pH (21), the results with L-Lys
were not unexpected. The imino amino acids, L-Pro and an
acidic amino acid, L-Asp, had no inhibitory effects on the
transport of L-a-MD (Table II).

To mimic physiological conditions where a mixture of
amino acids in the concentration range of 0.1 to 10 mM is
commonly present in the small intestine after a normal meal,
the effects of a mixture of amino acids on the transcellular
transport of L-a-MD were also determined. The results in-
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Fig. 3. Concentration-dependent permeabilities of L-a-MD at 37°C
in Caco-2 cell monolayers. Each data point is the average of three
determinations. Conditions of experimental media are the same as
those in Fig. 1. The asterisks (*) indicate that the differences were
statistically significant (P < 0.05) according to a one-way ANOVA
test. The PFT was approximately 24 hr. The error bars represent the
standard deviation of the mean.

dicated that the amino acid mixture significantly inhibited
the transport of L-a-MD (Table II).

The effects of two metabolic inhibitors on the transcel-
lular transport of L-a-MD were also determined. Both 2,4-
dinitrophenol and sodium azide (+2-deoxy-glucose) were

Table I1. Effects of Inhibitors on Transcellular Fluxes of L-a-MD
(0.01 mM) Across Caco-2 Cell Monolayers

Concentration Control flux* = SD

Inhibitor (mM) (%)
— — 100 + 11
L-o-MD 10 28 + 8*
L-Phe 1 80 + 4*
L-Phe 25 46 + T*
L-Lys 10 64 £ 2%
L-Pro 10 120 + 14
L-Asp 10 110 = 12
Amino acid

mixture? 2 60 £ 4*
2,4-DNP° 1 65 £ T*
SA + DG*¢ 1+ 50 51 + 12*

2 The control flux was 3.06 = 0.34 pmol/mg protein/min when the
concentration of L-a-MD was 0.01 mM. The conditions of exper-
imental media were pH 6.5 without glucose at the AP side and pH
7.4 with glucose (25 mM) at the BL side. The metabolic inhibitors
were presented at both the AP and the BL sides, while other
inhibitors were presented only at the AP side.

# The mixture contains 2 mM concentrations of L-Phe, L-Leu, L-
Lys, L-Pro, L-Asp, and L-dopa.

¢ Cell monolayers were preincubated with the metabolic inhibitors
(same concentrations) for 30 min prior to actual experiments.

* Significant inhibition (P < 0.05).
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shown to significantly inhibit the transcellular transport of
L-a-MD (Table II).

pH-Dependent Fluxes

Transport of L-a-MD was studied at different AP pHs
to determine whether the effect of pH could be explained by
a passive diffusion process. Experiments were conducted
where the BL pH was maintained at 7.4 and the AP pH was
5.5,6.5, or 7.4. The results showed that the transcellular flux
of L-a-MD was slightly pH-dependent (Fig. 4). For example,
the transcellular flux of of L-a-MD was approximately 20 to
25% higher at pH 5.5 than at pH 6.5 or pH 7.4 (P < 0.01).

Effect of Postfeeding Time

A previous study has shown that the uptake of L-a-MD
was significantly increased in fasted animals (10). The
present study was designed to determine whether the trans-
port was also affected by the increase in postfeeding time
(PFT), which is the time interval between the last feeding
and the actual experiment. The results indicated that the
transport of L-a-MD (0.01 mM) was increased about 7.5
times when the PFT was increased from 5 to 54 hr (results
not shown). To investigate further the effects of PFT, exper-
iments were designed to derive the ‘‘37-4°C fluxes’’ versus
“‘concentration’’ curves at different PFTs. These curves
were then fitted by nonlinear regression for the determina-
tion of K, and J ..., values, which are listed in Table III. The
results indicated that the change of PFT from 8.5 to 56 hr
significantly increased the J,_,, from 155 to 547 pmol/'mg
protein/min (3.5 times). The same PFT change also caused a
decrease in K,,, from 1.97 to 0.96 mM (50%). At lower con-
centrations (<K,,), the transcellular flux of L-a-MD is de-
termined by the ratio of J,,/K,,. Therefore, it is obvious
that the effects of PFT on L-a-MD transport (0.01 mM) ob-
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Fig. 4. Effect of the AP pH on transcellular fluxes of L-a-MD in
Caco-2 cell monolayers. The concentration of L-a-MD was 0.01
mM. Glucose was present on the BL side but not on the AP side.
The pH of the BL side was 7.4. Each bar was the average of four
experiments. The asterisks (*) indicate that the differences were
statistically significant (P < 0.05). The PFT was approximately 24
hr. The error bars represent the standard deviation of the mean.
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Table III. Effect of Postfeeding Time (PFT) on the Kinetics of
L-a-MD Transport Across the Caco-2 Cell Monolayers

Jax £ SED?
PFT K,, = SED* (pmol/mg Ratio
(hr) (mM) protein/min) nax/ Ko
8.5 1.97 = 0.31 155.4 + 12.2 79
26 0.70 = 0.06 156.7 = 5.2 224
56 0.96 = 0.07 546.6 = 15.3 569

4 Standard error of determination as reported by nonlinear regres-
sion program. Regression analysis performed at all three PFTs
showed r? values of 0.95 or larger.

served in the preliminary studies mentioned above were due
to the change in this ratio (79 to 569, 7.2 times) (Table III).

DISCUSSION

Absorption of L-a-MD has been studied extensively (5—
12) and its mechanism of absorption has been described as a
carrier-mediated process which utilizes the intestinal LNAA
carrier (10-12). However, this conclusion was based on stud-
ies with intestinal rings (10), which measure uptake of
L-o-MD, and intestinal perfusion studies (11,25), which
measure the disappearance of L-a-MD from the intestinal
lumen. The actual process of transcellular transport of
L-a-MD, e.g., flux of solute from the apical to the basolat-
eral side of a monolayer, has not been investigated. The
development of the Caco-2 model system (15) has now pro-
vided the opportunity to study the transcellular transport of
L-a-MD in a polarized intestinal epithelial model.

To characterize the transcellular transport of L-o-MD,
steady-state fluxes across the cell monolayer were deter-
mined. The ‘‘time’’ versus ‘‘amount transported’” curves for
L-o-MD were shown to be linear after a brief lag time (Fig.
1), which made the determination of steady-state fluxes eas-
ier than in the in vitro intestinal ring uptake model, where the
“time’’ versus ‘‘amount transported’’ curves were only ini-
tially linear (2 min) (10).

Having determined the fluxes of L-o-MD at different
concentrations at 37 and 4°C, the fluxes mediated by the
LNAA carrier (i.e., ‘‘374°C fluxes’’) were plotted versus
L-a-MD concentration and fitted using nonlinear regression,
yielding the kinetic parameters for the carrier-mediated pro-
cess. The J ., value for L-a-MD (157 pmol/mg protein/min)
was estimated to be three times less than that for L-Phe (498
pmol/mg protein/min) (unpublished results), indicating that
the carrier capacity for L-a-MD transport is much smaller
than that for the natural LNAAs. In contrast, the K, value
for L-a-MD (0.70 mM) is only slightly higher than the X,
value observed for L-Phe (0.34 mM; unpublished results).
However, these K, values for L-o-MD and L-Phe are an
order of magnitude smaller than those reported using other
in vitro methods (10,25-27). It is likely that many factors
contributed to the differences in the K, values. Aside from
the differences in the species and methodologies, another
possible explanation is that the K, values determined here
are lump-sum kinetic constants describing the entire trans-
cellular transport process, including both apical uptake and
basolateral efflux. The K,, values determined in other in
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vitro models reflect primarily the cellular uptake process
(10,25-27).

A potential problem with the present method of estimat-
ing the Kinetic parameters is the lack of proper stirring in the
cell insert. Thus, the K, values could be considerably biased
by the existence of a significant aqueous boundary layer
(28). The aqueous boundary layer will increase the K, value
for substrates whose transport is diffusion controlled (28).
However, it is unlikely that this aqueous boundary layer will
have a significant effect on L-a-MD permeation, since it is
largely membrane controlled (11,25; present study). Never-
theless, it is still important to reduce the thickness of the
aqueous boundary layer in the transport study to minimize
the effect of the aqueous bias. Therefore, a novel diffusion
apparatus with adequate stirring for the Caco-2 model sys-
tem has recently been developed in our laboratory (29).

The data shown in Fig. 4 as well as the results reported
by Amidon et al. (11) illustrate that the transport of L-a-MD
is pH dependent, e.g., transport was higher when the pH of
the media was less than pH 6.3 (L-a-MD’s pI = pH 6.29).
These results indicate that transport of L-a-MD cannot be
explained by the pH-partition theory since the theory would
predict that the transport of L-a-MD, which is a zwitterion
and is always charged, should be the same at all three pHs.
Therefore, the results suggest that thie transport of L-a-MD
is not due solely to passive diffusion.

The concentration- and pH-dependent transport of
L-a-MD indicates that the transcellular transport of L-a-MD
is a carrier-mediated process. To establish further the char-
acteristics of the LNAA carrier in the Caco-2 cell monolay-
ers, experiments were performed to determine the energy
dependence of the transport process and the specificity of
the carrier for L-a-MD. By studying the transport of
L-a-MD at different temperatures, the temperature depen-
dence of this transcellular transport process was established
(Figs. 1 and 2). Furthermore, the temperature dependence
was more significant at lower concentrations (<K,,), where
the carrier-mediated process dominated the overall transport
process. This result suggests that energy is required for the
transport process. To substantiate this hypothesis further,
the effects of two metabolic inhibitors on the transcellular
transport of L-a-MD were determined. The results showed
that the transport of L-a-MD was decreased by 35 and 49%
when 2,4-dinitrophenol and sodium azide plus 2-deoxy-
glucose, respectively, were included in the incubation media
(Table II). The effects of both temperature and metabolic
inhibitors are similar to the results reported previously by
Osiecka ef al. (10) using a rat intestinal ring preparation.

To determine the structural specificity of the carrier re-
sponsible for L-a-MD transport, the effects of neutral, basic,
acidic, and imino amino acids on the transport of L-o-MD
were determined. The results indicate that the transport of
L-a-MD was inhibited by the LNAA L-Phe and the BAA
L-Lys, but not by the acidic amino acid L-Asp and the imino
amino acid L-Pro. The inhibitory effects of L-Phe on
L-a-MD transport in the Caco-2 model are similar to those
observed in the intestinal ring preparation (10).

One of the main reasons to characterize the transport of
L-a-MD was to determine why the oral bioavailability of
L-a-MD is poor and variable. The results reported here in-
dicate that transcellular transport of L-a-MD by the LNAA
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carrier is significantly slower than that of L-Phe at low con-
centrations (<K,,). This is probably caused by the lower
affinity of L-a-MD for the carrier (higher K, value) and its
lower maximum flux. These observations are similar to
those made by Osiecka et al. (10) and Hu et al. (25). To
investigate the effects of diet on L-a-MD transport, a mix-
ture of amino acids at physiological concentrations was used
to inhibit L-a-MD transport across the Caco-2 monolayer.
The results have shown that the amino acid mixture signifi-
cantly inhibited the transcellular transport of L-a-MD (Table
II). It is clear from these results that both the slow transport
and the potentially high competition for the carrier by natu-
rally occurring amino acids may contribute to the poor and
variable bioavailability of L-a-MD.

Another possible explanation for the variability in the
oral absorption of L-a-MD may be the nutritional state of the
patient. This could be illustrated in the Caco-2 model system
by changing the postfeeding time (PFT), which is the time
interval between the last feeding and the actual transport
experiment. Changing PFT has been shown to alter signifi-
cantly the transcellular transport of L-a-MD, which included
changes in both the K, and the J_,, values for L-o-MD
(Table IIT). The results showed that the transcellular trans-
port of L-a-MD was significantly increased when the PFT
was prolonged, which would be a situation analogous to star-
vation. Similar results were observed by Osiecka et al. (10)
using intestinal rings prepared from animals deprived of food
for 48 hr.

In conclusion, the transcellular transport of L-a-MD
was shown to be time, pH, concentration, glucose, and tem-
perature dependent. Furthermore, the transport of L-o-MD
was inhibited by neutral as well as basic amino acids and by
metabolic inhibitors. These results illustrated that the trans-
cellular transport of L-a-MD is via an active LNAA carrier
in the Caco-2 model system. The results also indicated that
the Caco-2 model system is useful for the study of drug
transport in vitro.
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