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ABSTRACT
Purpose The anti-epileptic drug pregabalin crosses the
blood-brain barrier (BBB) in spite of its low lipophilicity.
This study was performed to determine whether L-type amino
acid transporters (LAT1/SLC7A5 and LAT2/SLC7A8) con-
tribute to the uptake of pregabalin.
Methods Pregabalin uptake by LATs-transfected HEK293
cells or hCMEC/D3 cells, an in vitro human BBB model,
was measured by LC-MS/MS analysis. Expression of LAT1
mRNA in hCMEC/D3 cells was determined by quantitative
RT-PCR analysis.
Results Overexpression of LAT1, but not LAT2, in HEK293
cells significantly increased the cellular uptake of pregabalin,
and the LAT1-mediated uptake was saturable with a Km of
0.288 mM. LAT1-mediated amino acid uptake was inhibited
specifically and almost completely in the presence of 1 mM
pregabalin. The uptake of pregabalin by hCMEC/D3 cells
was sodium-independent, saturable (Km = 0.854 mM), and
strongly inhibited by large amino acids at 1 mM, 2-
aminobicyclo-(2,2,1)-heptane-2-carboxylic acid, a specific sys-
tem L inhibitor, at 1 mM and by JPH203, a LAT1-selective
inhibitor, at 10 μM. Pregabalin uptake in hCMEC/D3 cells
was also decreased by 75% by the silencing of LAT1 gene
using LAT1 siRNA.

Conclusions Our results indicate that LAT1, but not LAT2,
recognizes pregabalin as a substrate. It is suggested that LAT1
mediates pregabalin transport at the BBB.
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ABBREVIATIONS
BBB Blood-brain barrier
BCH 2-Aminobicyclo-(2,2,1)-heptane-2-car-

boxylic acid
GABA γ-Aminobutyric acid
hCMEC/D3 cells Human immortalized brain endothelial

cell line
HEK293 cells Human embryonic kidney 293 cells
LAT L-type amino acid transporter
MeAIB α-Methylaminoisobutyric acid
OCTN Organic cation transporter novel type
PAH p-Aminohippuric acid
TEA Tetraethylammonium

INTRODUCTION

Pregabalin, a ligand of the α2δ subunit of voltage-gated calci-
um channels, is used to treat epilepsy, as well as neuropathic
pain and fibromyalgia. It reduces the influx of calcium ions
into neurons and the subsequent release of neurotransmitters
(1), and consequently has anticonvulsant and analgesic effects.
The paracellular distribution of drugs from the circulating
blood to the brain is strictly restricted by the blood-brain bar-
rier (BBB). Nevertheless, pregabalin crosses the BBB with a
brain extracellular fluid/plasma concentration ratio of 0.10 in
rat (2), despite its low lipophilicity (log D at pH 7.4 of −1.35),
and is thus pharmacologically active in the central nervous
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system. Hence, it appears that the BBB is equipped with an
active carrier(s) mediating the brain distribution of pregabalin.

Pregabalin was originally designed as an analogue of the
neurotransmitter γ-aminobutyric acid (GABA). Nevertheless,
a previous study has demonstrated that 25 mM pregabalin
had no effect on GABA uptake by cells overexpressing
GABA transporters (GAT1/SLC6A1, GAT3/SLC6A11,
and GAT2/SLC6A13) (3), and thus pregabalin seems not to
interact with GATs. In addition, the permeability of GABA
across the BBB was similar to that of typical paracellular
markers such as sucrose, mannitol, and inulin (4), suggesting
negligible activity of GABA transporters at the BBB. On the
other hand, it has been reported that the uptake of pregabalin
by Chinese hamster ovary and human colon adenocarcinoma
Caco-2 cells is mutually exclusive with respect to L-leucine,
gabapentin, and 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic
acid (BCH), which are substrates of amino acid transport sys-
tem L (3). Therefore, system L may mediate pregabalin up-
take inmammalian cells. So far, four subtypes of systemLwith
different substrate selectivity and transport properties have
been described: LAT1/SLC7A5, LAT2/SLC7A8,
LAT3/SLC43A1, and LAT4/SLC43A2 (5–7). However,
the subtype(s) responsible for pregabalin uptake has not been
identified yet.

LAT1 and LAT2 are functionally expressed in the brain,
whereas the expression levels of Lat3 and Lat4 mRNAs in the
brain are minimal (6,7). LAT1 and LAT2 work as exchangers
for large neutral amino acids, such as L-leucine, L-phenylala-
nine, L-histidine, and L-tryptophan, and also thyroid hor-
mones, including triiodothyronine (T3) and thyroxine (T4),
in a sodium-independent manner (8,9). LAT1 also recognizes
some drugs, such as L-dopa and gabapentin (10,11), while
LAT2 accepts small neutral amino acids (12). LAT1 is located
at the luminal and abluminal membranes of rodent brain
capillary endothelial cells forming the BBB (13,14).
Quantitative proteomics showed that LAT1 protein expres-
sion in human brain capillaries amounts to 0.43 fmol/μg-
protein (15). Accordingly, LAT1 at the BBB is considered to
mediate the brain distribution of L-dopa and gabapentin. As
for LAT2, although its mRNA is expressed in rat primary
cultured brain capillary endothelial cells (16), its functional
activity is likely to be minimal since it was reported that the
brain uptake of L-leucine was not inhibited by small neutral
amino acids in rat brain perfusion studies (17). Instead, LAT2
is expressed in rat primary cultured astrocytes and neurons
(18,19). The neuronal localization of Lat2 mRNA was con-
firmed by in-situ hybridization in mouse brain sections (20).
Accordingly, LAT1 and LAT2 are candidates for transporting
pregabalin across the BBB and for regulating intracerebral
pregabalin distribution, respectively.

In the present study, we examined the plasma membrane
transport mechanism of pregabalin at the BBB using immor-
talized human brain capillary endothelial (hCMEC/D3) cells

as a well-established in-vitro model of human brain microvas-
cular endothelial cells (21). In hCMEC/D3 cells, although the
expression level of LAT1 protein is below of the quantification
limit on quantitative proteomics (22), LAT1 and LAT2
mRNAs are known to be expressed (23). The functional ex-
pression of LAT1 in hCMEC/D3 cells has been also con-
firmed using a LAT1-targeting siRNA, which evoked a reduc-
tion of gabapentin uptake (10).

MATERIALS AND METHODS

Chemicals

L-Leucine, [14C] ([14C]L-leucine: 329 mCi/mmol) was pur-
chased from PerkinElmer (Boston, MA). Pregabalin was ob-
tained from Toronto Research Chemicals (Ontario, Canada);
2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) and
α-methylaminoisobutyric acid (MeAIB) were from Sigma-
Aldrich (St.Louis, MO); JPH203 was from Chemscene
(Monmouth Junction, NJ); gabapentin, unlabeled L-amino
acids, p-aminohippuric acid (PAH), and tetraethylammonium
(TEA) were from Wako (Osaka, Japan).

Uptake Studies by LATs-Overexpressing Cells

HEK293 cells were maintained in Dulbecco’s modified
Eagle’s medium (Nacalai tesque, Kyoto, Japan) supplemented
with 10% fetal bovine serum (FBS; Thermo Scientific,
Wal tham, MA), 2 mM L-glutamate , 100 U/mL
benzylpenicillin, and 100 mg/mL streptomycin at 37°C in a
humidified atmosphere of 5%CO2 in air. HEK293 cells were
transiently transfected with pIRES2-dsRed mammalian ex-
pression vector (0.40 μg/cm2) containing the entire coding
region for human SLC7A5 or SLC7A8 cDNA, which encodes
LAT1 or LAT2, respectively, or with the vector alone (mock),
by using Lipofectamine 2000 (Life Technologies, Carlsbad,
CA), and then cultured for 48 h.

The uptake experiment was performed using a silicone
layer filtering centrifugation technique as reported (24,25).
Briefly, the cells were scraped off dishes and suspended in
extracellular fluid (ECF) buffer (122 mM NaCl, 25 mM
NaHCO3, 3 mM KCl, 1.4 mM CaCl2, 2 mM MgSO4,
0.4 mM K2HPO4, 10 mM D-glucose, 10 mM HEPES, and
pH 7.4). The cell suspension was mixed with ECF buffer con-
taining pregabalin or [14C]L-leucine, and then incubated at
37°C. At a designated time, cells were separated from the
buffer by centrifugal filtration at 10,000×g for 2 min through
a silicone oil layer (density of 1.03) placed over a 3 N KOH
solution. The cell lysate in KOH was then neutralized with
HCl.
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Uptake Studies by hCMEC/D3 Cells

hCMEC/D3 is a human brain capillary endothelial cell line
immortalized by lentiviral transduction of the catalytic subunit
of human telomerase and SV40-T antigen (21). hCMEC/D3
cells were maintained in EBM-2 medium (Lonza, Basel,
Switzerland) supplemented with 2.5% FBS, vascular endothe-
lial growth factor, insulin-like growth factor-1, epidermal
growth factor, basic fibroblast growth factor, and hydrocorti-
sone, penicillin, and streptomycin at 37°C in a humidified
atmosphere of 5% CO2 in air. hCMEC/D3 cells between
passages 25 and 35 were seeded on rat collagen I-coated 24-
well plates (Corning, Corning, NY) at a density of 2.0 × 104

cells/cm2. The uptake was evaluated after the cells reached
confluence.

Uptake experiments were conducted as described previ-
ously (26), with some modifications. Briefly, the medium was
removed and the cells were washed twice and preincubated
with ECF buffer at 37°C for 10 min. To obtain a
sodium-free condition, sodium in the ECF buffer was
substituted with equimolar choline. After preincubation,
uptake was initiated by replacing the preincubation
buffer with uptake buffer (ECF buffer or sodium-free
ECF buffer) containing prebagalin in the absence or
presence of inhibitors. The uptake was terminated by
removal of the uptake buffer and the cells were immediately
washed three times with ice-cold buffer, and then solubilized
overnight in 0.1 N NaOH at room temperature. Aliquots
were neutralized with 0.1 N HCl.

Quantification of Pregabalin and [14C]L-Leucine
Uptake

Pregabalin was quantitated by tandem mass spectrometry
(LCMS-8050; Shimadzu, Kyoto, Japan) coupled to high-
performance liquid chromatography (Shimadzu) (LC-MS/
MS). Samples were deproteinized with the same volume of
acetonitrile containing 100 nM gabapentin (internal stan-
dard), and an aliquot (4 μL) was injected into the LC-MS/
MS. Mobile phases A and B consisted of water and acetoni-
trile, respectively, and both contained 0.1% formic acid and
2 mM ammonium acetate. Chromatographic separation was
performed on a Capcell Pak C18UG120 column (2.0 mm i.d.
× 150 mm, 5 μm; Shiseido, Tokyo, Japan) at 40°C with a
gradient of mobile phase B: 5% for 4.3 min (at 0 to
4.3 min), 5% to 100% for 2.2 min (at 4.3 to 6.5 min), 100%
for 2.5 min (at 6.5 min to 9 min), and 5% for 3 min (at 9 to
12 min); the flow rate was 0.3 mL/min. Mass spectrometric
detection was performed by multiple reaction monitoring in
the electrospray ionization positive ion mode, using m/z
160.2→ 55.1 for pregabalin and m/z 172.2→ 154.2 for
gabapentin. Radioactivity of [14C]L-leucine was measured
with a liquid scintillation counter. Cellular protein amount

was determined by using a bicinchoninic acid (BCA) Protein
Assay Kit (Pierce, Rockford, IL), with bovine serum albumin
(BSA) as a standard.

Uptake of substrates was expressed as cell-to-medium ratio,
indicating the concentration ratio (μL/mg protein) of pmol/
mg protein in the cells to pmol/μL in the medium. The LAT-
mediated uptake was calculated by subtracting the uptake in
mock-transfected cells from that in LAT-overexpressing cells.

Kinetic Analysis

The kinetic parameters of pregabalin uptake via LAT1 and in
hCMEC/D3cells were estimated by fitting to the following
equation1 and equation2, respectively, by means of nonlinear
least-squares regression analysis using GraphPad Prism 4.0
(GraphPad Software Inc., La Jolla, CA).

V ¼ V max � S½ �ð Þ= K m þ S½ �ð Þ ð1Þ
V ¼ V max � S½ �ð Þ= K m þ S½ �ð Þ þ K d � S½ � ð2Þ

V, [S], Km, Vmax, and Kd represent uptake velocity of
pregabalin uptake, concentration of pregabalin, Michaelis-
Menten constant, maximum uptake velocity, and
nonsaturable uptake clearance, respectively. All kinetic pa-
rameters were expressed as the mean ± SD.

RNA Interference Analysis

Gene silencing of LAT1was performed as described previous-
ly (27), with some modifications. Briefly, hCMEC/D3 cells
were seeded onto 24-well plates, and siRNA transfection was
performed with lipofectamine RNAiMAX (Invitrogen). For
gene silencing of LAT1, we used two sets of LAT1 siRNAs
(Silencer® Select: s15653 and s15655, Thermo Scientific)
with a final concentration of each 5 nM. At 72 h after trans-
fection, the cells were used for RNA extraction or cellular
uptake studies.

RNA Extraction and Quantitative RT-PCR

Total RNA was extracted from hCMEC/D3 cells using
RNeasy Mini Kit (QIAGEN, Valencia, CA). First-strand
cDNA was synthesized from the isolated total RNA as
templates with High-Capacity RNA-to-cDNA™ Kit
(Thermo Scientific), and then used for quantitative
RT-PCR analysis which performed by CFX Connect™
real time PCR detection system (Bio-Rad, Hercules,
CA) with Power SYBR® Green Master Mix (Thermo
Scientific) according to the manufacturer’s instructions.
Specific primer sets for quantitative RT-PCR analysis
were designed as follows: 5′- GCA TCG GCT TCA
CCA TCA TC -3′ as forward and 5′- ACC ACC
TGC ATG AGC TTC TGA C -3′ as reverse for

Pharm Res (2018) 35: 246 Page 3 of 9 246



LAT1, and 5′- GCG AGA AGA TGA CCC AGA TC -
3′ as forward and 5′- CCA GTG GTA CGG CCA
GAG G -3′ as reverse for β-actin. The relative mRNA
expression levels of LAT1 was calculated by the ΔΔCt
method for the relative quantification based on the
mRNA level of β-actin, a housekeeping gene.

Statistical Analysis

Statistical analyses were performed by the use of an unpaired,
two-tailed Student’s t test for comparisons between two
groups, or one-way ANOVA followed by Dunnett’s post hoc
test for multiple comparisons. The value of p< 0.05 was taken
as the criterion for a statistically significant difference.

RESULTS

Uptake of Pregabalin in LAT-Overexpressing HEK293
Cells

First, we confirmed that the uptake of [14C]L-leucine (0.4 μM)
by HEK293 cells overexpressing LAT1 or LAT2 was signifi-
cantly higher than that by mock cells. LAT1 and LAT2 re-
quire 4F2 heavy chain (4F2hc) for their functional expressions
by forming a heterodimeric complex. It is expected that exog-
enously transfected LAT1 or LAT2 was functionally
expressed in the plasma membrane as heterodimeric com-
plexes with endogenous 4F2hc (Table I). In order to clarify
whether LAT1 and LAT2 accept pregabalin as a substrate,
cellular uptake studies of 10 μM pregabalin were conducted.
Only LAT1-overexpressing cells showed significantly higher
pregabalin uptake compared to mock cells (Table I). The ini-
tial uptake rate of pregabalin over 5 min in LAT1-
overexpressing cells was 11.5 μL/mg-protein/min, which
was 3.60-fold greater than that in mock cells (3.20 μL/mg-
protein/min) (Fig. 1a). LAT1-mediated pregabalin uptake
was saturable with a Km of 0.288 ± 0.049 mM and a Vmax of
11.6 ± 1.4 nmol/mg-protein/5 min (Fig. 1b). We also evalu-
ated the inhibitory effect of pregabalin on [14C]L-leucine

uptake. Pregabalin at 1 mM almost completely blocked the
LAT1-mediated uptake of [14C]L-leucine, whereas it had no
effect on the uptake mediated by LAT2 (Table II). These
results indicate that, of the two LAT subtypes, only LAT1
specifically recognized pregabalin.

Table I LAT-mediated uptake of [14C]L-leucine and pregabalin

[14C]L-Leucine uptake
(μL/mg-protein)

Pregabalin uptake
(μL/mg-protein)

Mock 247 ± 5 22.2 ± 1.9

LAT1 485 ± 29* 57.2 ± 1.7*

LAT2 345 ± 13* 21.4 ± 0.9

LAT1-, LAT2-overexpressing, and mock cells were incubated with [14 C]L-
leucine (0.4 μM) or pregabalin (10 μM) at 37°C for 2 or 5 min, respectively.
Each value represents the mean± SEM (n= 3). *p<0.05, significantly dif-
ferent from mock cells

Fig. 1 Time course (a) and concentration dependence (b) of
LAT1-mediated pregabalin uptake. (a) Pregabalin uptake (10 μM) by
LAT1-overexpressing cells (●) and mock cells (○) was examined at 37°C.
*p<0.05, significantly different from mock cells. (b) Pregabalin uptake by
LAT1-overexpressing cells and mock cells was examined at 37°C for 5 min.
Data represent LAT1-mediated uptake calculated by subtracting the uptake in
mock cells from that in LAT1-overexpressing cells. Data were subjected to
Michaelis–Menten (main) and Eadie–Scatchard (inset) analyses. Each point
represents the mean± SEM (n=3).
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Characteristics of Pregabalin Uptake by hCMEC/D3
Cells

The uptake of pregabalin (10 μM) by hCMEC/D3 cells, an
in vitro human BBB model, gradually increased over 30 min
(Fig. 2a). The uptake over 2–5 min was almost the same as
that under sodium-free conditions (Fig. 2a), indicating that
pregabalin uptake by hCMEC/D3 cells is sodium-indepen-
dent. Moreover, the uptake was saturable with a Km of 0.854
± 0.287 mM and a Vmax of 58.1 ± 15.2 nmol/mg-protein/
10 min, and a Kd of 2.43 ± 1.80 μL/mg-protein/10 min
(Fig. 2b). As shown in Table III, pregabalin uptake by
hCMEC/D3 cells was almost completely inhibited by typical
LAT1 substrates and inhibitors, such as L-leucine, L-phenyl-
a l a n i n e , L - h i s t i d i n e , L - t r y p t o p h a n , a n d 2 -
aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) at
1 mM, and also by JPH203, a LAT1 selective inhibitor (28),
at 10 μM. On the contrary, the inhibitory effect of α-
methylaminoisobutyric acid (MeAIB), a specific inhibitor for
the amino acid transport system A, at 10 mM on pregabalin
uptake was weak, and L-glutamate and L-arginine, both at
1 mM, were not inhibitory. Tetraethylammonium (TEA)
and p-aminohippuric acid (PAH), inhibitors for organic cation
and anion transporters, respectively, both at 1 mM, neither
affected to the uptake. These results suggest that LAT1 pre-
dominantly contributes to pregabalin transfer in hCMEC/D3
cells.

Effect of LAT1 siRNATransfection on hCMEC/D3 Cells

As we further elucidate the contribution of LAT1 to
pregabalin uptake in hCMEC/D3 cells, we have observed
the effect of LAT1 knockdown on the uptake. By the transfec-
tion of LAT1 siRNA, the expression of LAT1 mRNA in
hCMEC/D3 cells was decreased more than 80% compared
to negative control (Fig. 3a). This silencing of LAT1 gene in
hCMEC/D3 cells decreased the cellular uptake of pregabalin
(10 μM) by 75% (Fig. 3b), suggesting that LAT1 is responsible
for pregabalin uptake in hCMEC/D3 cells. This result was in
good agreement with that of inhibition by JPH203 shown in
Table III.

DISCUSSION

In this study, we have firstly shown that LAT1 works as a
pregabalin transporter and is predominantly responsible for
pregabalin uptake in hCMEC/D3 cells, an in vitro model of
human brain microvascular endothelial cells. The involve-
ment of LATs in the pregabalin uptake by hCMEC/D3 cells
was supported by sodium independency and the potent inhib-
itory effects of large neutral amino acids and BCH on
pregabalin uptake (Fig. 2a and Table III). Only LAT1-
overexpressing cells showed uptake of pregabalin and inhibi-
tion of L-leucine uptake by 1 mM pregabalin, while LAT2-
overexpressing cells showed neither (Tables I and II, and Fig.
1). We further examined the effects of JPH203, a LAT1-
selective inhibitor, and LAT1 siRNA on pregabalin uptake
by hCMEC/D3 cells. It has reported that JPH203 did not
inhibit L-leucine uptake mediated by human LAT2 overex-
pressing cells (28). In addition, L-leucine uptake by LNCaP
cells, a LAT3 and LAT4-domionant prostate cancer cell line,
was not altered by treatment of JPH203, even though the
uptake was significantly decreased by treatment of BCH
(29), indicating that JPH203 has a high specificity for the in-
hibition of LAT1 among system L. We demonstrated the sig-
nificant decreasing in the pregabalin uptake by hCMEC/D3
cells in either case of the treatment of JPH203 and LAT1
siRNA (Table III and Fig. 3b). These results strongly suggest
that LAT1 plays a role in plasma membrane transport of
pregabalin in human brain microvascular endothelial cells,
as in the cases of the transport of L-dopa (13) and gabapentin
(10).

Amino acid transport system A consists of 3 subtypes,
sodium-coupled neutral amino acid transporter (SNAT)
1/SLC38A1, SNAT2/SLC38A2, and SNAT4/SLC38A4,
and plays an important role in a transfer of small neutral
amino acids, such as L-alanine, L-serine, and L-cysteine, in a
sodium-dependent manner (30). The pregabalin uptake by
hCMEC/D3 cells was slightly inhibited by 10 mM MeAIB,
a specific inhibitor of system A (Table III). In contrast, the
uptake did not show sodium dependency (Fig. 2a), ruling out
participation of system A. This was confirmed by the absence
of any significant difference of pregabalin uptake among

Table II Inhibitory effect of
pregabalin on LAT1 and LAT2-
mediated amino acid uptake

[14C]L-Leucine uptake (μL/mg-protein) Transporter-mediated [14C]L-leucine uptake (μL/mg-protein)

Control + 1 mM pregabalin Control + 1 mM pregabalin

Mock 247 ± 5 66.4 ± 4.5* – –

LAT1 485 ± 29 103 ± 7* 237± 29 [100] 36.8± 8.5* [15.5]

LAT2 345 ± 13 192 ± 7* 97.8 ± 14 [100] 126± 6 [129]

LAT1-, LAT2-overexpressing, and mock cells were incubated with [14 C]L-leucine (0.4 μM) in the presence or absence
(Control) of 1 mM pregabalin at 37°C for 2 min. Transporter-mediated uptake was calculated by subtracting the uptake
by mock cells from that by LAT-overexpressing cells. Values in square brackets represent percentage of control uptake.
Each value represents the mean± SEM (n= 3). *p<0.05, significantly different from control
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SNAT1-, SNAT2-, or SNAT4-overexpressing cells and
mock-transfected cells (Supplemental table1).

It has been reported that organic cation transporter novel type
1 (OCTN1/SLC22A4) is a mediator of the intestinal absorption
of pregabalin (31) and is expressed in hCMEC/D3 cells, at least
at the mRNA level (27). In order to evaluate the contribution of
OCTN1 to the pregabalin uptake by hCMEC/D3 cells, we
utilized TEA at 1 mM, which reportedly inhibited OCTN1-
mediated TEA uptake by 50–80% (32,33). However, 1 mM
TEA showed little inhibitory effect on the pregabalin uptake
(Table III). This result is consistent with a previous report that
uptake of gabapentin, the substrate of both LAT1 andOCTN1,
in hCMEC/D3 cells was hardly affected by any OCTN inhib-
itors, such as verapamil, amantadine, and corticosterone (10). At
the BBB, it was reported that the brain/plasma concentration
ratio of intravenously administered ergothioneine, a typical sub-
strate of OCTN1, was unchanged in Octn1-knockout mice (34),
suggesting that functional OCTN1 may be negligible.

LAT2 is expressed in astrocytes and neurons, and has been
proposed to be involved in homeostasis of amino acids and
thyroid hormones (18,19). The negligible transport of
pregabalin by LAT2 (Table I) implies that, once pregabalin
is inside the brain parenchyma, its distribution to astrocytes
and neurons via LAT2 may also be negligible. Instead,
OCTN1 may mediate the transport of pregabalin into neu-
rons, since OCTN1 is reportedly localized in brain neurons
(35). Nakamichi et al. have demonstrated that uptake of
ergothioneine, a substrate of OCTN1, was observed in

Fig. 2 Time course (a) and concentration dependence (b) of
pregabalin uptake by hCMEC/D3 cells. (a) Pregabalin uptake (10 μM)
by hCMEC/D3 cells was examined at 37°C in the presence (●) or absence
(○) of sodium. (b) Pregabalin uptake by hCMEC/D3 cells was examined at
37°C for 10 min. Data were subjected to Michaelis–Menten (main) and
Eadie–Scatchard (inset) analyses. In the Michaelis–Menten plot, the solid,
dotted, and dashed lines represent saturable, nonsaturable, and overall
pregabalin uptake, respectively. In the Eadie–Scatchard plot, the solid line
represents the overall pregabalin uptake. Each point represents the mean
± SEM (n= 3–4).

Table III Inhibitory effect of various compounds on pregabalin uptake by
hCMEC/D3 cells

Compound Uptake (% of Control)

Control 100± 5

Na+− free 102± 7

1 mM BCH 17.0± 3.0*

1 mM L-Leu 16.7± 2.7*

1 mM L-His 20.6± 1.0*

1 mM L-Phe ULQ (< 6.15)

1 mM L-Trp ULQ (< 5.66)

10 μM JPH203 ULQ (< 6.53)

1 mM L-Glu 117± 6

1 mM L-Arg 101± 2

10 mM MeAIB 80.8± 4.0*

1 mM TEA 89.8± 4.3

1 mM PAH 115± 7

hCMEC/D3 cells were incubated with pregabalin (10 μM) in the presence or
absence (Control) of various compounds at 37°C for 10 min. Each value
represents the mean± SEM (n= 4–12). The uptake in the presence of
1 mM L-Phe, 1 mM L-Trp, or 10 μM JPH203 was below lower limit of
quantification. ULQ means under the limit of quantification. The value in
parentheses following ‘ULQ’ represents the value of the quantification limit.
*p<0.05, significantly different from control
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primary cultured cortical neurons and Neuro2a cells, a model
of undifferentiated neurons, and the uptake by Neuro2a cells
was significantly decreased by suppression of OCTN1 (35).

In this study, the Km values for pregabalin uptake via LAT1
and in hCMEC/D3 cells were estimated to be 0.288 mM and
0.854 mM, respectively (Fig. 1b and 2b). The reason for the
difference in the obtained Km values is not clear, but may be
due to varying experimental conditions or phosphorylation
levels in each cell type. It has been demonstrated that the
affinity of the transporter was altered by its protein phosphor-
ylation: Km value of GABA transporter, serotonin transporter
and glucose transporter was respectively modulated by
Protein Kinase C, A, or Protein Phosphatase p38 mitogen-
activated protein kinase (MAPK) signaling (36–38). Since the
pregabalin plasma concentration in the clinical context (range
of 1.8 to 89.2 μM) (39) is lower than the estimated Km,
pregabalin influx via LAT1 at the BBBwould not be saturated
by pregabalin itself. In contrast, we estimated the transport
activity of LAT1 by using the following equation, 1 / [1 +
Σ(Cpl / Km)], based on the affinity of human LAT1-mediated
amino acid transports (Km) (40) and the plasma concentration
(Cpl) of 8 LAT1 substrate amino acids (41); L-phenylalanine,
L-leucine, L-isoleucine, L-tryptophan, L-tyrosine, L-histidine,
L-valine, and L-methionine. The transport activity of LAT1
in the presence of the 8 amino acids at normal plasma con-
centrations is calculated to be approximately 3% of that in the
absence of the amino acids, suggesting that LAT1-mediated
transport from systemic circulation is saturated by endogenous
LAT1 substrate amino acids. Therefore, pregabalin transport
via LAT1 could be affected by changes in plasma amino acid
levels. Indeed, it has been demonstrated by positron emission
tomography that the uptake of L-[18F]fluoro-dopa, a substrate
of LAT1, into human brain was inhibited to one-thirds during
intravenous amino acids loading (42), at which the transport
activity of LAT1 is also calculated from 3% to 1% by the
amino acids loading. Likewise, the transport activity of
LAT1 is calculated from 3% to 2% due to the increasing of
the plasma amino acid concentrations by the intake of a

protein rich meal (41), implying that the pregabalin influx
via LAT1 at the BBB could be affected by the dietary protein
intake.

LAT1 could also play an important role in pregabalin dis-
tribution to other organs. LAT1 is well known to be expressed
in specific organs: brain, retina, spleen, placenta, spinal cord
and bone marrow (13,43,44). One clinical action of
pregabalin is suppression of neuropathic pain, which is caused
by enhanced excitability in response to activation of synaptic
inputs in the dorsal spinal cord. Pregabalin is considered to
suppress dorsal horn excitability, but the mechanism of drug
transfer across the blood-spinal cord barrier formed by capil-
lary endothelial cells is still unclear. Notably, a recent investi-
gation has demonstrated that pregabalin administration
carries an increased risk of birth defects (45), which might
imply transfer of pregabalin across the placental barrier.
LAT1 protein has been immunohistochemically detected in
microvessels of the spinal cord (13) and in human term pla-
cental syncytiotrophoblasts forming the placental barrier (46).
Therefore, LAT1might be involved in pregabalin distribution
to the spinal cord across the blood-spinal cord barrier and to
the fetus across the placental barrier.

CONCLUSION

In this study, we have confirmed that LAT1 accepts
pregabalin as a substrate, and contributes to uptake
pregabalin in hCMEC/D3 cells. These findings suggest that
LAT1 regulates the plasma membrane transport of
pregabalin at the BBB. This has important implications for
pregabalin pharmacokinetics, especially distribution to tissues.
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