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Abstract

Valproic acid is an anticonvulsant widely used for the treatment of epilepsy. However, vaproic acid is known to show fetal toxicity,
including teratogenicity. In the present study, to elucidate the mechanisms of valproic acid transport across the blood—placental barrier,
we carried out transcellular transport and uptake experiments with human placental choriocarcinoma epithelia cells (BeWo cells) in
culture. The permeability coefficient of PHval proic acid in BeWo cells for the apical-to-basolateral flux was greater than that for the
opposite flux, suggesting a higher unidirectional transport in the fetal direction. The uptake of [*H]val proic acid from the apical side was
temperature-dependent and enhanced under acidic pH. In the presence of 50 wM carbonyl cyanide p-trifluoromethoxylhydrazone, the
uptake of [*H]val proic acid was significantly reduced. A metabolic inhibitor, 10 mM sodium azide, also significantly reduced the uptake
of [*H]val proic acid. Therefore, valproic acid is actively transported in a pH-dependent manner on the brush-border membrane of BeWo
cells. Kinetic analysis of valproic acid uptake reveaed the involvement of a non-saturable component and a saturable component. The
Michaelis constant for the saturable transport (K,) was smaller under acidic pH, suggesting a proton-linked active transport mechanism
for valproic acid in BeWo cells. In the inhibitory experiments, some short-chain fatty acids, such as acetic acid, lactic acid, propanoic acid
and butyric acid, and medium-chain fatty acids, such as hexanoic acid and octanoic acid, inhibited the uptake of [*H]valproic acid. The
uptake of [*Hlval proic acid was also significantly decreased in the presence of 4,4'-diisothiocyanatostilbene-2,2-disulfonic acid, salicylic
acid and furosemide, which are well-known inhibitors of the anion exchange system. Moreover, p-aminochippuric acid significantly
reduced the uptake of [3H]va|proic acid. These results suggest that an active transport mechanism for valproic acid exists on the
brush-border membrane of placental trophoblast cells and operates in a proton-linked manner. © 2001 Published by Elsevier Science B.V.
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1. Introduction for amino acids, such as Na*-dependent A or ASC system
and the Na*-independent L system, have been described in

Throughout gestation, the placenta plays an important trophoblasts (Furesz et al., 1993; Moe et a., 1994; Moe,

role in regulating the exchange of various materials be- 1995; Ramamoorthy et al., 1992). Glucose transporter 1
tween the maternal and fetal circulations (Stulc, 1997). (GLUT 1) is expressed both on the brush-border (maternal
Many investigators have examined the transport mecha- side) and the basal (fetal .side) membranes, while glucose
nisms of nutrients, such as amino acids, vitamins and transporter 3 (GLUT 3) is expressed only on the brush-
glucose, across the blood—placental barrier, which consists border membrane (Bissonnette, 1981; Reiid and Boyd,

of trophoblast cells (Hay, 1994). Several transport systems 1994; Hahn and Desoye, 1996). Thiamin (vitamin B1) is
transported in exchange with H* via a Na*- and mem-

brane potential-dependent transport system (Grassl, 1998).

Biotin, lipoate and pantothenate are co-transported with

Na* (Hu et al., 1994; Schenker et al., 1992; Prasad et al.,
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blood—placental barrier, even though, when administered
during pregnancy, severa drugs are known to cross the
placenta and reach the developing fetus. The fetal blood
concentration of drugs is not aways equivaent to the
maternal blood concentration (Pacifici and Nottoli, 1995;
Van der Aa et al., 1998), suggesting that there are active
transport systems for drugs in the placenta. It is especially
serious if the fetal blood concentration of a drug becomes
greater than the materna blood concentration (e.g., val-
proic acid). Therefore, it is important to elucidate the
placental transport mechanisms for drugs.

There are many pregnant women with epilepsy. Anti-
convulsants administered during pregnancy are known to
cross the placenta and reach the developing fetus. In
particular, valproic acid is frequently administered for the
treatment of all forms of epilepsy during pregnancy, though
there is a risk of fetal toxicity including teratogenicity
(Mdone and D’ Alton, 1997; Yerby, 1997). Although val-
proic acid, with apK, value of 4.9, behaves as an anionic
ion under physiological pH, it easily crosses the placenta.
Its fetal-to-maternal blood concentration ratio is reported
to be 1.71 (Ishizaki et al., 1981). Although protein binding
and the composition of plasma protein and fatty acids may
be important factors (Ishizaki et al., 1981; Johannessen,
1992), the definite factor for the transport of valproic acid
from the mother to the fetus has not been fully character-
ized. The mechanism of valproic acid transport at the
blood—brain barrier has been examined in rats and re-
vealed to include one saturable carrier-mediated system
and a non-saturable component. The saturable carrier-
mediated system for valproic acid may be related to the
transport system for short- and medium-chain fatty acids
(Adkison et al., 1996; Adkison and Shen, 1995; Naora and
Shen, 1995). Recently, in placental trophoblast cells, Uto-
guchi and Audus (2000) reported that valproic acid is
transported by a saturable transport system in a proton-de-
pendent manner. However, they did not examine the pH
dependence or the effects of various inhibitors, so that
detailed characteristics of valproic acid transport across the
placenta remain unknown.

In the present study, we sought to elucidate the mecha-
nism for valproic acid transport across the blood—placental
barrier in detail by means of transcellular transport and
uptake experiments with human placental choriocarcinoma
epithelial cells (BeWo cells) in culture.

2. Methods

2.1. Materials and reagents

[4,5-*H]Valproic acid (55 Ci /mmol) and [1-**C]p-man-
nitol (53 Ci /mmol) were purchased from Moravek Bio-
chemicals (California, USA). [2,3-°H].-Alanine (52
Ci/mmol) was purchased from Amersham |nternational

(Buckinghamshire, UK), and 3-O-[methyl-*H]-p-glucose
(81.5 Ci /mmol) from NEN Life Science Products, (Bos-
ton, MA, USA). 2{4-(2-Hydroxyethyl)-1-piperazinyl]
ethanesulfonic acid (HEPES), 2-(N-morpholineo) ethane-
sulfonic acid (MES), sodium azide, propanoic acid, butyric
acid, lignoceric acid, lactic acid, pyruvic acid, succinic
acid, p-aminohippuric acid (PAH) and salicylic acid were
purchased from Nacalai Tesgue (Kyoto, Japan). Valproic
acid, phloretin, carbonyl cyanide p-trifluoromethoxyl-
hydrazone (FCCP), hexanoic acid, octanoic acid, stearic
acid, glutaric acid, probenecid, furosemide and 4,4'-diiso-
thiocyanatostilbene-2,2'-disulfonic acid (DIDS) were pur-
chased from Sigma (St. Louis, MO, USA). All other
chemicals used in the experiments were of reagent grade.
BeWo cells were purchased from American Type Culture
Collection (Rockville, MD, USA).

2.2. Cell culture

BeWo cells were cultured in the F12K modification of
Ham’'s medium (Sigma) supplemented with 10% feta calf
serum, 50 mg,/ml streptomycin, 50 units/ml penicillin G,
at 37°C under 5% CO2,/95% air (Pattilo et al., 1986). For
the uptake or transport study, the cells were seeded at
4 x 10* cells/well on 96-well multi dishes (Nunc, Den-
mark) or 1 X 107 cells/well on a polycarbonate membrane
(3.0 wm pore size) Transwell™ cluster (Corning COSTER
JAPAN, Japan). The cells were grown for 4 or 12 days and
used for the uptake or transport study. In the transport
study, we used BeWo cells after monitoring the membrane
resistance across the BeWo monolayer and used the trans-
port of mannitol as a paracellular transport marker.

2.3. Transcellular transport of [*H]valproic acid across
BeWo cells

After reaching confluence, BeWo cells were washed
three times with transport buffer (140 mM NaCl, 5.4 mM
KCl, 1.8 mM CaCl,, 0.8 mM MgSO,, 5 mM b-glucose
and 25 mM HEPES for pH 7.4; the pH was adjusted with
NaOH at 37°C) before the transcellular transport study.
Transport buffer was added to both the receiver and donor
sides. [*H]Valproic acid (500 M) and [**C]mannitol (800
nM) were added to the donor and receiver sides, of the cell
insert, respectively. The sampling times were 0.167, 0.5, 1,
3, 6, 9, 15, 30, 60, 90 and 120 min after incubation with
each drug at 37°C. The transport of [*Hlvalproic acid and
[**Clmannitol was quantified by adding 4 ml of scintilla-
tion cocktail (Clear-sol I, Nacalai Tesque) and measured
using a liquid scintillation counter (LS6500, Beckman
Instruments, Fullerton, CA, USA). The rea permeability
coefficient (P, ) of [*H]valproic acid was calculated with
the following equation:

1/Papp = 1/Pfilter + 1/Ptrans (1)
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Fig. 1. (A) Theinitial uptake of 100 wM [*H]L-alanine by BeWo cells at pH 7.4. The uptake of [*H]L-alanine was measured at 37°C in the presence (open
circles) and absence of Na* (closed circles). Each point represents the mean + S.E.M. of four experiments. Significant differences from the control were
identified by Student’s t-test (*: P < 0.05). (B) The uptake of 500 .M 3-O-[methyl-*H]o-glucose by BeWo cells was measured at 37°C in the presence
(open circles) and absence of Na* (closed circles), and in the presence of phloretin (closed squares). Each point represents the mean + S.E.M. of four

experiments. Significant differences from the control were identified by Student’s t-test (*: P < 0.05).

where P,,, and Py, are the apparent permeability coeffi-
cients estimated in the transport study in the presence and
absence of BeWo cells, respectively.

2.4. Intracellular volume of BeWo cells and uptake activity
of BeWo cells

The uptake activity of BeWo cells was confirmed by
uptake experiments with [*H]L-alanine in uptake buffer
containing 100 wM [*H]L-alanine in the presence or ab-
sence of Na*. The intracellular volume of BeWo cells was
calculated from the uptake of 3-O-[methyl-*H]p-glucose,
which was measured in the uptake buffer containing 500
M 3-O-[methyl-*H]p-glucose in the presence of 1 mM
phloretin, an inhibitor of the Na'-independent glucose
transporter, with or without Na*.
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2.5. Cellular uptake of [*H]valproic acid by BeWo cells

The culture medium was removed and cells were washed
three times with 100 | of uptake buffer (140 mM NaCl,
54 mM KCI, 1.8 mM CaCl,, 0.8 mM MgSO,, 5 mM
D-glucose and 25 mM HEPES for pH 7.4 or 25 mM MES
for pH 6.5; the pH was adjusted with NaOH) at 37°C or
4°C. Uptake experiments were performed in uptake buffer
containing [*Hlvalproic acid (500 wM) in the absence or
presence of metabolic inhibitor, unlabeled valproic acid,
fatty acids, or inhibitors at 37°C or 4°C. In the metabolic
inhibition experiments, cells were preincubated with up-
take buffer containing 10 mM sodium azide for 10 min.
The cells were washed four times with 100 wl of ice-cold
buffer to stop uptake. Cells were dissolved in 200 wl of 3
N NaOH and neutralized with 100 wl of 6 N HCI, and

(uV/mg protein/min)

| 7

A-B B-A

Permeability Coefficient

Fig. 2. The transcellular transport of [*H]valproic acid across BeWo cell monolayer. The permeability (A) and the permeability coefficients (B) of 500 pM
[®H]valproic acid were measured as described in Methods. After [*Hlvalproic acid was applied to the apical side (open circles: apical-to-basolateral side) or
the basolateral side (closed circles: basolateral-to-apical side), and 800 nM [**C]mannitol to the apical side (open squares: apical-to-basolateral side) or the
basolateral side (closed squares: basolateral-to-apical side), an aiquot was withdrawn from the basolateral side or the apical side, respectively. A-to-B and
B-to-A show the apical-to-basolateral and basolateral-to-apical fluxes. Each point represents the mean + SE.M. of three experiments. Significant
differences from control were identified by Student’s t-test (*: P < 0.05).



F. Ushigome et al. / European Journal of Pharmacology 417 (2001) 169-176

172
A B c
407 40 207 Q
2_ "o o
g 307 &5 30° 25
ES Eo ED
28 38 258
g 2201 . § 220] B 2101
= oo— & —© =< 3 \O
33, 33, | ) x *
10
s} 5 5 o 8710 . 5 g8 O/N\.*/O:&o
/e 7

0 T T T 0
0 15 30 45 60 300 0
Time (s)

15 30 45
Time (s) pH

0 — T
60 300 5.0 5.5 6.0 65 7.0 7.5 8.0 8.5 9.0

Fig. 3. The time course of 500 wM [*H]valproic acid uptake by BeWo cells at different pH at 37°C (A) or 4°C (B) and the pH-dependent initial uptake of
valproic acid at 37°C (C). (A) or (B) The uptake of [*H]valproic acid by BeWo cells at 37°C or 4°C. The uptake of [*H]valproic acid was measured at pH
7.4 (open circles), 6.5 (closed circles) and 5.5 (closed squires), respectively. (C) pH dependence and the effects of self-inhibition on the initial uptake of
[®Hlvalproic acid at 10 s by BeWo cells. The cell /medium ratio at 10 s of [*H]valproic acid was measured by incubating BeWo cells in uptake buffer in
the absence (open circles) or presence of 10 mM unlabeled valproic acid (closed circles). Each point represents the mean + SEE.M. of four experiments.
Significant differences from control were identified by Student’s t-test (*: P < 0.05).

scintillation cocktail (Clear-sol |, Nacalai Tesque) was
added. The radioactivity of intracellular [*Hlvalproic acid
was then determined with a liquid scintillation counter
(LS6500, Beckman Instruments). The amount of protein in
the cells was measured by Lowry’s method (Lowry et al.,
1951). The uptake of [*H]valproic acid is expressed as the
cell /medium ratio calculated from the intracellular uptake
per mg protein of the cells relative to the initia drug
concentration (.l /mg protein).

2.6. Data analysis

To estimate the kinetic parameters of [*Hlvalproic acid
uptake in BeWo cells, the data set for the uptake rate (J)
at various concentrations of valproic acid was fitted to the
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Eqg. (2), which represents a kinetic model with saturable
and non-saturable components, using the non-linear least-
squares regression analysis program, MULTI (Y amaoka et
al., 1981):

3=3,..C/(K,+C) +k,C (2)

where J.,. is the maximum uptake rate for the saturable
component, K, is the Michaglis constant, k, is the first-
order constant for the non-saturable component and C is
the concentration of valproic acid. All of the data are
expressed as means+ S.E.M. Statistical analysis was per-
formed using Student’s t-test or analysis of variance
(ANOVA) followed by Duncan's test. The difference be-
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Fig. 4. Effect of metabolic inhibitor (10 mM sodium azide) (A) and 50 wM carbonyl cyanide p-trifluoromethoxylhydrazone (FCCP) (B) on the uptake of
500 M H)val proic acid by BeWo cells at pH 6.5. Each point represents the mean + S.E.M. of four experiments. Significant differences from control

were identified by Student’s t-test (*: P < 0.05).
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Fig. 5. Concentration dependence of the initial uptake of valproic acid by BeWo cells. Eadie—Hofstee plots of the uptake of valproic acid at pH 5.5 (A),
6.5 (B) and 7.4 (C) are presented. Each point represents the mean + SE.M. of four experiments. Curves for total uptake were calculated using the
parameters obtained from nonlinear regression analysis. Each inset shows the uptake by the saturation component, which was calculated by subtracting the
passive diffusion component from the total uptake. Each point represents the mean + S.E.M. of four experiments.

tween means was considered to be significant when the P
value was less than 0.05.

3. Results

3.1. The uptake of [*H]L-alanine and 3-O-[methyl->H]p-
glucose by BeWo cells

The initial uptake of [*H]L-alanine by BeWo cells was
reduced in the absence of Na*(Fig. 1A). In contrast, the
uptake of 3-O-[methyl-*H]p-glucose was not affected by
Na*. The steady-state uptake of 3-O-[methyl-*H]p-glucose
by BeWo cells was 6 pl/mg protein. The uptake of
3-O-[methyl-*H]p-glucose by BeWo cells was reduced in
the presence of 1 mM phloretin (Fig. 1B).

3.2. Thetranscellular transport of [*H] valproic acid across
the BeWo monolayer

The time course of [*Hlvalproic acid transport across
the BeWo monolayer is shown in Fig. 2. As clearly shown,
the apical-to-basolateral flux was greater than the opposite
flux. The apica-to-basolateral and basolateral-to-apical
permeability coefficients were 4.25+ 0.231 and 1.89 +
0.173 il /mg protein /min, respectively. These values were
significantly higher than those of [**C]mannitol (0.73 +
0.03 and 0.77 + 0.01, respectively).

Table 1
Concentration dependence of initial uptake of valproic acid at pH 5.5, 6.5
and 7.4

pH  Parameters
Jrax (NMol /mg K, (mM) kg (l/mg Jnax / Kt
protein/10 s) protein/10s)  (nl/mg
protein/10 s)
55 260.06+3.03 4.07+0.17 0.914+0.04 63.9
6.5 203.40+3.30 7.29+0.38 0.893+0.04 264
74 10850+ 1.05 114+0.23 0.842+0.16 9.52

The kinetic parameters were obtained by fitting the data to Eq. (2). Each
point represents the mean+ S.E.M. of four experiments.

3.3. Temperature- and pH-dependent uptake of

[®*H] valproic acid

We examined the time course of [*Hlvalproic acid
uptake by BeWo cells. The uptake kinetics were linear up
to 15sat pH 7.4, 6.5 and 5.5 (Fig. 3A). The initia uptake
rates at pH 6.5 and pH 5.5 were 2.0- and 6.7-fold higher
than that at pH 7.4. The uptake of [*H]valproic acid at each
pH was significantly reduced and became equal to the
celular volume at 4°C (Fig. 3B). The coefficient for
[*H]valproic acid uptake increased markedly when the
external medium was acidic (Fig. 3C). In the presence of

Table 2
Inhibitory effects of several fatty acids on the uptake of [*H]valproic acid
into BeWo cells

Compounds Concentration Cell /medium ratio
(mM) (% of control)
Acetic acid 1 68.7+5.732
20 29.8+2.137
Lactic acid 1 60.2+2.012
20 40.3+0.872
Propanoic acid 1 48.4+2.582
20 23.0+0.96%
Butyric acid 1 47141932
20 28.7+1.10
Hexanoic acid 1 40.9+2.482
20 1154+0.33%
Octanoic acid 1 35.5+2.222
20 127+1.742
Pyruvic acid 1 107.4+3.80
20 100.5+4.55
Stearic acid 1 105.7+11.8
20 92.6+7.72
Arachidonic acid 1 95.4+1.44
20 103.1+2.33
Lignoceric acid 1 109.7+4.35
20 99.7 + 3.66

The amount of 500 M [*H]valproic acid taken up was measured at 37°C
for 10 s by incubating BeWo cells in uptake buffer (pH 6.5) with each
reagent. Each value represents the mean+ S.E.M. of four experiments.
The control value in experiments was 14.2+ 0.334 (ul /mg protein/10 s)
and 14.2 + 0.245 (added 0.1% albumin).

#Significant differences from control were identified by using ANOVA
followed by Duncan’s test (P < 0.05).
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10 mM unlabeled valproic acid, the uptake of [*Hlvalproic
acid was significantly reduced at all pH investigated, and
the difference between the extent of inhibition induced by
unlabeled valproic acid was greater at acidic pH (Fig. 3C).

3.4. Effect of FCCP and metabolic inhibitor on the uptake
of [®*H]valproic acid by BeWo cells

In the presence of 50 wM FCCP, a well-known
protonophore, the uptake of [*Hlvalproic acid was signifi-
cantly reduced at pH 6.5 (Fig. 4A). The initia rate of
[*H]valproic acid uptake was 0.005 pl/mg protein/s in
the presence of FCCP compared to the control value of
0.90 wl/mg protein/s. In the presence of 10 mM sodium
azide, a metabolic inhibitor, the initial rate of [*Hlvalproic
acid uptake was significantly reduced to 0.024 wl/mg
protein/s (control value; 0.807 wl/mg protein/s) (Fig.
4B).

3.5. The concentration-dependent uptake of [*H]valproic
acid by Bewo cells at pH 7.4, 6.5 and 5.5

Fig. 5 shows the Eadie—Hofstee plot of the uptake of
valproic acid a pH 7.4 (A), 6.5 (B) and 5.5 (C). Eq. (2)
suitably explained the characteristics of these data sets at
each pH. The kinetic parameters obtained from Eq. (2) are
shown in Table 1. The K, value became smaller with a
decrease in pH.

3.6. Inhibitory effects of fatty acids on the uptake of
[®*H] valproic acid

Table 2 shows the effects of fatty acids on the uptake of
[*Hlvalproic acid by BeWo cells. Short-chain fatty acids,
such as acetic acid, lactic acid, propanoic acid and butyric
acid, or medium-chain fatty acids, such as hexanoic acid
and octanoic acid, potently inhibited the uptake of
[*H]valproic acid. In contrast, long-chain fatty acids, such

Table 3
Inhibitory effects of several compounds on the uptake of PHlval proic
acid into BeWo cells

Compounds Concentration Cell /medium ratio

(mM) (% of control)
PAH 1 66.6+ 3.20°

20 69.9+2.38%
DIDS 1 3594 1.15%

20 17.8+0.82%
Furosemide 1 41.1+1.122

20 285+2.41°
Sdlicylic acid 1 42.3+5.282

20 38.1+5.27%

The amount of 500 wM [*H]valproic acid taken up was measured at 37°C
for 10 s by incubating BeWo cells in uptake buffer (pH 6.5) with each
reagent. Each value represents the mean+ S.E.M. of four experiments.
The control value in experiments was 14.2+0.334 (.l /mg protein/10
9).

Significant differences from control were identified by using ANOVA
followed by Duncan’s test (P < 0.05).

as arachidic acid and lignoceric acid, as well as pyruvic
acid, had no effect. As shown in Table 3, PAH, DIDS,
salicylic acid and furosemide, inhibitors of the anion ex-
change system, significantly inhibited the uptake of
[*Hlvalproic acid.

4, Discussion

This study was designed to elucidate the mechanism of
valproic acid transport across the blood—placental barrier
in detail, especially at the brush-border membrane facing
the maternal circulation, by means of transcellular trans-
port and uptake experiments with human placental chorio-
carcinoma epithelia cells (BeWo cells) in culture.

In the present study, the uptake of [*H]L-alanine by
Bewo cells (Fig. 1A) was shown to be Na*-dependent,
which is consistent with previous reports (Furesz et al.,
1993; Moe et a., 1994; Moe, 1995; Ramamoorthy et al.,
1992). In contrast, the uptake of 3-O-[methyl->*H]p-glucose
by BeWo cells was not affected by sodium ions. The
steady-state uptake of 3-O-[methyl-*H]p-glucose by Bewo
cells was 6 wl/mg protein and was reduced in the pres-
ence of 1 mM phloretin (Fig. 1B). It has been reported that
GLUT 1 is expressed both on the brush-border and the
basa membrane of trophoblast cells (Bissonnette, 1981,
Reiid and Boyd, 1994; Hahn and Desoye, 1996). There-
fore, these results suggest that BeWo cells have the charac-
teristics of normal placental trophoblasts. Indeed, BeWo
cells are reported to have properties similar to those of
normal trophoblasts with respect to morphology, biochemi-
ca marker enzymes and hormone secretion (Liu et 4.,
1997). Therefore, BeWo cells are considered to be suitable
to elucidate the mechanism of drug transport across the
blood—placental barrier.

The permeability coefficient of [*Hlvalproic acid from
the apical-to-basolateral side was significantly greater than
that from the basolateral-to-apical side (Fig. 2), suggesting
a unidirectional transport from the maternal to the feta
circulation. Hence, to elucidate the uptake system across
the brush-border membrane, the first step in the transfer of
the drug across the blood—placental barrier, we conducted
in vitro uptake experiments under various conditions. In
BeWo cells, the temperature-dependent uptake of
[*H]valproic acid was enhanced under acidic pH (Fig.
3A,B). The uptake coefficient of [3H]valpr0ic acid was
significantly increased with a decrease in pH of the exter-
nal medium (Fig. 3C). In the presence of 10 mM unlabeled
valproic acid, uptake was reduced as compared with that in
the presence of 500 .M valproic acid at pH 5.5-8.5 (Fig.
3C), and the extent of the reduction induced by 500 wM
valproic acid was greater at acidic pH. The initial rate of
[*H]valproic acid uptake by BeWo cells was significantly
reduced in the presence of metabolic inhibitor (Fig. 4A).
These results indicate that the pH-dependent uptake of
[*H]val proic acid was associated with not merely the aug-
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mentation of passive diffusion but also with an increase in
active transport. In the presence of FCCP, a protonophore,
the uptake of [*Hlvalproic acid was significantly reduced
(Fig. 4B), suggesting that the uptake of valproic acid on
the brush-border membrane of BeWo cells is associated
with a proton-coupled active transport system. It has been
reported that there is a Na* /H™ exchanger on the brush-
border membrane of trophoblast cells (Silva et al., 1997;
Mahendran et al., 1994). Therefore, the H*-gradient gener-
ated by the Na* /H* exchanger may be the driving force
of this proton-coupled active transporter in the placenta. In
the kinetic analysis, the Eadie—Hofstee plot for the uptake
of valproic acid at pH 7.4, 6.5 and 5.5 identified two
uptake components, i.e., saturable and non-saturable com-
ponents (Fig. 5). Kinetic parameters obtained from Eq. (2)
are shown in Table 1. The affinity of the transporter was
reduced at acidic pH, supporting the fact that the saturable
transporter of valproic acid is proton-coupled. These ki-
netic characteristics share certain similarities with the pro-
ton-linked monocarboxylate transporter (MCT) reported
previously, suggesting that the uptake of vaproic acid in
BeWo cedlls is conceivably mediated, at least in part, by
MCT. Several members of MCT family, which selectively
transport monocarboxylic compounds such as lactic acid,
were recently cloned (Halestrap and Price, 1999; Price et
al., 1998), and the expression of mRNA for the MCT
family (except MCT2) was reported in the placenta (Price
et a., 1998).

Recently, Utoguchi and Audus (2000) reported that
valproic acid is actively transported across BeWo cells by
a proton-linked transporter. However, they did not exam-
ine the pH-dependence or the effects of various inhibitors,
so that detailed characteristics of valproic acid-transport
across the placenta remain unknown. Therefore, we first
scrutinized the effects of various inhibitors on the uptake
of [*H]valproic acid. As shown in Table 2, the uptake of
[*Hlvalproic acid was inhibited by short-chain fatty acids,
such as acetic acid, lactic acid, propanoic acid and butyric
acid, and medium-chain fatty acids, hexanoic acid and
octanoic acid, while pyruvic acid and long-chain fatty
acids, such as stearic acid, arachidic acid and lignoceric
acid, did not affect the uptake of [*H]valproic acid. Several
specific transport systems for valproic acid have aready
been reported in the blood—brain barrier and kidney (Ad-
kison and Shen, 1995; Adkinon et a., 1996; Naora and
Shen, 1995; Ullrich et al., 1987; Ullrich, 1994). In rat
brain, the translocation of [*H]valproic acid was reduced
by some short- and medium-chain fatty acids in a concen-
tration-dependent manner, but was not affected by long-
chain fatty acids (Adkison and Shen, 1995; Adkison et 4.,
1996; Naora and Shen, 1995). Therefore, the transport
system for valproic acid found in the placentain this study
has characteristics similar to that in the blood—brain bar-
rier. In the intestinal brush-border membrane, monocar-
boxylic acids are transported by at least two independent
transporters, a proton-coupled transporter for most mono-

carboxylic acids and an anion antiporter for several anionic
reagents, and the transport system for short-chain fatty
acids is different from that for medium-chain fatty acids
(Tamai et al., 1997). However, the uptake of valproic acid
was equally inhibited by both short- and medium-chain
fatty acids in BeWo cells, and multiple components for the
uptake of valproic acid were not identified in this study.

Furthermore, DIDS, furosemide and salicylic acid sig-
nificantly inhibited the uptake of [*Hlvalproic acid (Table
3). These results are not consistent with the previous report
by Utoguchi and Audus (2000). DIDS and salicylic acid
inhibit the MCTs and anion exchange system (Poole and
Halestrap, 1991), while furosemide acts as an inhibitor of
the Na*/K* /2Cl~ cotransporter. Some monocarboxylic
acids are likely to be transported via members of the anion
exchanger family (Y abuuchi et al., 1998). The brush-border
membrane of placenta trophoblast cells is known to con-
tain the Cl~ /HCO; exchanger, anion exchanger-1 (AE-1)
(Doughty et a., 1998; Powell et al., 1998). Although the
inhibitory effects of DIDS, salicylic acid or furosemide on
the uptake of [*Hlvalproic acid might be possibly due to a
decrease in intracellular Cl~ resulting from an inhibition
of CI™ influx, the contribution of these anion exchange
systems still needs to be determined. Although it is as yet
unknown whether valproic acid is a substrate for anion
exchange systems or not, an anion exchanger may con-
tribute to the uptake of valproic acid in BeWo cells.

Recently, mRNA of human organic anion transporter
(hOAT1) was detected in the placenta by Northern blot
analysis (Hosoyamada et al., 1999; Sekine et al., 1997). In
this study, the uptake of valproic acid was inhibited up to
30% by PAH, atypical substrate for OAT. Therefore, the
contribution of OAT to the transport of valproic acid is
worth mentioning. However, in Xenopus laevis oocytes,
OAT1 is known to act independently of sodium
(Hosoyamada et al., 1999) and its affinity is much higher,
with a K, vaue of 9.3 wM, so that the contribution of
OAT to the transport of valproic acid may be limited in the
placenta.

In conclusion, our results suggest that valproic acid is
transported via a carrier-mediated system on the brush-
border membrane of placental trophoblast cells. This trans-
port system may include a proton-coupled monocarboxylic
acid transporter (MCT). Furthermore, the significant inhi-
bition of uptake by inhibitors of the anion exchanger, such
as DIDS, sdicylic acid and furosemide, suggests that
valproic acid may be transported by multiple transporters.
These active transport systems may lead to a high rate of
valproic acid transport to the fetus across the blood—
placental barrier.
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