
UC Irvine
UC Irvine Previously Published Works

Title
pH-dependent pyridoxine transport by SLC19A2 and SLC19A3: Implications for 
absorption in acidic microclimates

Permalink
https://escholarship.org/uc/item/3mm5j2nz

Journal
Journal of Biological Chemistry, 295(50)

ISSN
0021-9258

Authors
Yamashiro, Takahiro
Yasujima, Tomoya
Said, Hamid M
et al.

Publication Date
2020-12-01

DOI
10.1074/jbc.ra120.013610

Copyright Information
This work is made available under the terms of a Creative Commons Attribution 
License, available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3mm5j2nz
https://escholarship.org/uc/item/3mm5j2nz#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


pH-dependent pyridoxine transport by SLC19A2 and
SLC19A3: Implications for absorption in acidic microclimates
Received for publication,March 26, 2020, and in revised form, October 1, 2020 Published, Papers in Press, October 2, 2020, DOI 10.1074/jbc.RA120.013610

Takahiro Yamashiro1, Tomoya Yasujima1, Hamid M. Said2,3, and Hiroaki Yuasa1,*
From the 1Department of Biopharmaceutics, Graduate School of Pharmaceutical Sciences, Nagoya City University, Nagoya,
Japan, the 2Departments of Medicine and Physiology/Biophysics, University of California, Irvine, California, USA, and the
3Department of Veterans Affairs Medical Center, Long Beach, California, USA

Edited by Michael J. Shipston

SLC19A2 and SLC19A3, also known as thiamine transporters
(THTR) 1 and 2, respectively, transport the positively charged
thiamine (vitamin B1) into cells to enable its efficient utiliza-
tion. SLC19A2 and SLC19A3 are also known to transport struc-
turally unrelated cationic drugs, such as metformin, but
whether this charge selectivity extends to other molecules, such
as pyridoxine (vitamin B6), is unknown.We tested this possibil-
ity using Madin-Darby canine kidney II (MDCKII) cells and
human embryonic kidney 293 (HEK293) cells for transfection
experiments, and also using Caco-2 cells as human intestinal
epithelial model cells. The stable expression of SLC19A2 and
SLC19A3 in MDCKII cells (as well as their transient expression
in HEK293 cells) led to a significant induction in pyridoxine
uptake at pH 5.5 compared with control cells. The induced
uptake was pH-dependent, favoring acidic conditions over neu-
tral to basic conditions, and protonophore-sensitive. It was sat-
urable as a function of pyridoxine concentration, with an
apparent Km of 37.8 and 18.5 mM, for SLC19A2 and SLC19A3,
respectively, and inhibited by the pyridoxine analogs pyridoxal
and pyridoxamine as well as thiamine. We also found that
silencing the endogenous SLC19A3, but not SLC19A2, of Caco-
2 cells with gene-specific siRNAs lead to a significant reduction
in carrier-mediated pyridoxine uptake. These results show that
SLC19A2 and SLC19A3 are capable of recognizing/transporting
pyridoxine, favoring acidic conditions for operation, and sug-
gest a possible role for these transporters in pyridoxine trans-
port mainly in tissues with an acidic environment like the small
intestine, which has an acidic surface microclimate.

Pyridoxine is one of the vitamin B6 compounds, which
include the structurally analogous pyridoxal and pyridoxamine.
Because of its hydrophilic nature as a water-soluble vitamin, it
cannot easily permeate across the cellular membrane by simple
diffusion and, hence, is required for intestinal absorption a spe-
cialized carrier-mediated transport system (1). Indeed, carrier-
mediated transport of pyridoxine has been observed in the
Caco-2 cell line, a human intestinal epithelial cell model (2).
Although transporters have been identified for a variety of
water-soluble vitamins (1), none have been identified as yet for
pyridoxine, although transport properties consistent with a car-
rier-mediated mechanism have been noted in many different
cell types (3–5). In the current study, we explored whether
SLC19A2 and SLC19A3, known thiamine transporter 1

(THTR1) and THTR2 (6, 7), respectively, can also transport
pyridoxine, based upon the fact that both pyridoxine and thia-
mine (vitamin B1) have cationic charge and that other structur-
ally unrelated cationic drugs, such as metformin, fedratinib,
and trimethoprim, are substrates for these transporters (8, 9).
The data indicate that pyridoxine is indeed also their substrate.

Results

Uptake of pyridoxine in transient transfectant HEK293 cells

We first examined the uptake of pyridoxine at its trace con-
centration of 5 nM in transient transfectant human embryonic
kidney 293 (HEK293) cells expressing each of SLC19A2 and
SLC19A3. The trace concentration was used so that the poten-
tial transport activities could be detected most effectively, as
transporters generally operate more efficiently at lower con-
centrations. This low concentration is also physiologically rele-
vant, as pyridoxin concentration can be in the nanomolar range
at the lowest end in body fluids, typically in plasma (10). As
shown in Fig. 1, the uptake of pyridoxine was found to be much
greater in cells expressing those SLC19As than in mock cells at
an acidic pH of 5.5, suggesting that those SLC19As can trans-
port pyridoxine efficiently. On the other hand, pyridoxine
uptake was not altered by transient introduction of SLC19A1,
suggesting that this transporter, which is another member of
SLC19A family and known as reduced folate carrier 1, does not
have such a capability for pyridoxine transport.

Time course of pyridoxine uptake in stable transfectant
MDCKII cells

For detailed characterization of pyridoxine transport by
SLC19A2 and SLC19A3, we prepared stable transfectant
Madin-Darby canine kidney II (MDCKII) cells expressing each
of them. As shown in Fig. 2, the uptake of pyridoxine (5 nM)
was much greater in cells expressing those SLC19As than in
mock cells at pH 5.5, further demonstrating the pyridoxine
transport capability of both transporters, which was initially
found in the transient transfectant HEK293 cells. As pyridoxine
uptake increased in proportion to time up to 3 min in all the
transfectant and mock cells, the uptake period was set to be 3
min in subsequent experiments for the evaluation of pyridoxine
transport by those SLC19As in the initial uptake phase.
The uptake of pyridoxine was almost equilibrated at 30 min

in both SLC19A2-transfected and SLC19A3-transfected cells.
Using the cellular volumes of 6.56 1.1 and 6.46 1.1 ml/mg of*For correspondence: Hiroaki Yuasa, yuasa@phar.nagoya-cu.ac.jp.
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protein (mean 6 S.E., n = 3), respectively, estimated from the
equilibrium uptake of 3-O-methyl-D-glucose (3-O-MG) in
those cells, the apparent intracellular concentrations of pyri-
doxine were estimated to be 43 and 52 nM, respectively. They
were about 10 times higher than the pyridoxine concentration in
the extracellular solution, suggesting that those SLC19As could
possibly operate in an active transport mode that enables pyri-
doxine to be concentrated in the cells. In this analysis, the cellular
volume was estimated as the uptake/concentration ratio of
3-O-MG (11), as the uptake of this unmetabolizable analog of
D-glucose could be quickly equilibrated in MDCKII cells at the
intracellular concentration equal to the concentration in the
extracellular solution by nonconcentrative transport, in which
facilitative glucose transporters have been suggested to be
involved (12, 13). Consistent with that suggestion, 3-O-MG
uptake was confirmed to be Na1-independent and quite rapid,
being equilibrated within 10 min, in those transfectant MDCKII
cells.

Effect of pH and ionic conditions on pyridoxine transport by
SLC19A2 and SLC19A3

Both SLC19A2 and SLC19A3 have been reported to operate
in a pH-dependent manner, favoring neutral to basic conditions
over acidic conditions, for thiamine transport (6, 7). However, for
pyridoxine transport, they were both found to operate in an op-
posite manner of pH dependence, favoring acidic conditions over
neutral to basic conditions, as indicated by an increase in the spe-
cific uptake of pyridoxine (5 nM) by each transporter with a

decrease in pH in stable transfectantMDCKII cells (Fig. 3).More-
over, the specific uptake by SLC19A2 and SLC19A3 were both
extensively reduced by protonophores of carbonyl cyanide p-tri-
fluoromethoxyphenylhydrazone (FCCP) and carbonyl cyanide
m-chlorophenylhydrazone (CCCP), suggesting that theymay op-
erate for pyridoxine transport in a manner coupled with proton
or, at least, facilitated by an inward proton gradient (Fig. 4). Sup-
porting these additionally, the specific uptakes by both SLC19As
were, as assessed using uptake solution in which NaCl was
replaced with KCl, reduced by intracellular acidification for dissi-
pation of H1 gradient by nigericin (10mM), a K1/H1-exchanging
protonophore, and also by an NH4Cl prepulse method, in which

Figure 1. Pyridoxine uptake in HEK293 cells transiently expressing
SLC19A transporters. The uptake of [3H]pyridoxine (5 nM) was evaluated for
3 min at pH 5.5 and 37 °C. Data are presented as the mean 6 S.D. (n = 4).
*, p , 0.05 compared with mock cells, as assessed by ANOVA followed by
Dunnett's test.

Figure 2. Time course of pyridoxine uptake in MDCKII cells stably
expressing SLC19A2 and SLC19A3. The uptake of [3H]pyridoxine (5 nM) was
evaluated at pH 5.5 and 37 °C. Data are presented as themean6 S.E. (n = 4).

Figure 3. Effect of pH on pyridoxine uptake by SLC19A2 and SLC19A3
stably expressed in MDCKII cells. The specific uptake of [3H]pyridoxine (5
nM) by SLC19A2 and SLC19A3 was evaluated for 3 min at 37 °C. Data are pre-
sented as themean6 S.E. (n = 4).

Figure 4. Effect of protonophores on pyridoxine uptake by SLC19A2
and SLC19A3 stably expressed in MDCKII cells. The specific uptake of [3H]
pyridoxine (5 nM) by SLC19A2 (A) and SLC19A3 (B) was evaluated for 3 min at
pH 5.5 and 37 °C in the presence of a protonophore (100 mM), or in its ab-
sence (control), after pretreatment for 5 min with, or without, the protono-
phore under the same condition. The control values were 47.5 and 87.8 fmol/
min/mg of protein, for SLC19A2 and SLC19A3, respectively. Data are pre-
sented as the mean 6 S.D. (n = 4). *, p , 0.05 compared with control, as
assessed by ANOVA followed by Dunnett's test.

Pyridoxine transport function of SLC19A2/3
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the cells were pretreated with substrate-free uptake solution con-
taining NH4Cl (20 mM) and subsequently with the one free of
NH4Cl (14). The values of specific uptake rate were 42.9 6
2.0% of control (39.5 6 2.3 fmol/min/mg of protein) and
38.6 6 3.3% of control (71.6 6 3.8 fmol/min/mg of protein),
respectively, for SLC19A2 and SLC19A3 in the experiments
using nigericin, and 62.96 7.7% (47.66 5.2 fmol/min/mg of
protein) and 43.7 6 6.6% of control (65.9 6 11.2 fmol/min/
mg of protein), respectively, in those by NH4Cl prepulse,
where the values are presented as the mean 6 S.E. (n = 4)
and all the differences are significant at p , 0.05 compared
with respective control values. It should also be noted in
addition that pyridoxine, which is a basic compound with
the pKa of 5.1 (15), becomes progressively cationized with a
decrease in pH in the near neutral to acidic pH range, coin-
ciding to the pH-dependent increase in the specific uptake
of pyridoxine. Hence, the increase in the cationized fraction
of pyridoxine may also be involved in that, implicating the
preferential transport of its cationized form by those
SLC19As as a possibility. Thus, those SLC19As were sug-
gested to operate in a different mode for pyridoxine than for
thiamine, discriminating them. Although the mechanism of
the substrate-dependent difference in pH dependence is
unknown at this time, we conducted all the other experi-
ments in this study at pH 5.5 as an acidic pH where both
SLC19As can operate efficiently.

The replacement of NaCl in the medium with various salts
(KCl, Na-gluconate, K-gluconate, and mannitol) had insig-
nificant or only modest impacts on the specific uptake of
pyridoxine (5 nM) by SLC19A2 (Fig. 5A) and SLC19A3 (Fig.
5B). The specific uptake by SLC19A2 was reduced slightly
by replacement of NaCl with KCl and, to a comparable
extent, by replacement with mannitol, suggesting that Na1

may be slightly involved in the SLC19A2 operation but Cl2

may not. The specific uptake by SLC19A3 was reduced mod-
estly by replacement of NaCl with mannitol, but not by
replacement with KCl, suggesting that Cl2 may be slightly
involved in the SLC19A3 operation but Na1 may not. How-
ever, overall, such effects of those ions seemed to be only
modest, suggesting at least that both SLC19A2 and
SLC19A3 are unlikely to operate in a manner coupled with
Na1 or Cl2 for pyridoxine transport.

Effect of pyridoxine-related compounds and water-soluble
vitamins on pyridoxine transport by SLC19A2 and SLC19A3

To examine a possibility that some other pyridoxine-re-
lated compounds may also be recognized by SLC19A2 and
SLC19A3, we here assessed the effect of such compounds (200
mM) on the specific uptake of pyridoxine (5 nM) by those
SLC19As in stable transfectant MDCKII cells. As shown in Fig.
6A, the specific uptake by SLC19A2 was extensively inhibited
by pyridoxamine and, to a lesser extent, by 4-deoxypyridoxine.
Pyridoxal, pyridoxal 5-phosphate (PLP), and 4-pyridoxic acid
were, however, found not to inhibit the specific uptake.
SLC19A3 exhibited almost the same characteristics, although

Figure 5. Effect of ionic conditions on pyridoxine uptake by SLC19A2
and SLC19A3 stably expressed in MDCKII cells. The specific uptake of [3H]
pyridoxine (5 nM) by SLC19A2 (A) and SLC19A3 (B) was evaluated for 3 min at
pH 5.5 and 37 °C. NaCl in the uptake solution for control was replaced as indi-
cated. The control values were 47.5 and 73.4 fmol/min/mg of protein, for
SLC19A2 and SLC19A3, respectively. Data are presented as the mean 6 S.D.
(n = 4). *, p, 0.05 compared with NaCl (control); †, p, 0.05 compared with
KCl; ‡, p, 0.05 comparedwithmannitol. Statistical differenceswere assessed
by ANOVA followed by Dunnett's test.

Figure 6. Effect of pyridoxine-related compounds on pyridoxine uptake
by SLC19A2 and SLC19A3 stably expressed in MDCKII cells. The specific
uptake of [3H]pyridoxine (5 nM) by SLC19A2 (A) and SLC19A3 (B) was eval-
uated for 3 min at pH 5.5 and 37 °C in the presence of a test compound (200
mM) or in its absence (control). The control values were 79.5 and 95.0 fmol/
min/mg of protein, for SLC19A2 and SLC19A3, respectively. Data are pre-
sented as the mean 6 S.D. (n = 4). *, p , 0.05 compared with control, as
assessed by ANOVA followed by Dunnett's test.
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pyridoxal exhibited a slight inhibitory effect as a minor differ-
ence (Fig. 6B). These results suggested the potential interaction
of pyridoxamine and 4-deoxypyridoxine with both SLC19As
and of pyridoxal with SLC19A3 to elicit the inhibitory effects.
Among water-soluble vitamins, the SLC19A2/3 substrate

of thiamine was an only and potent inhibitor for both
SLC19A2 and SLC19A3 (Fig. 7). All the other vitamins were
confirmed not to inhibit the specific uptake by either of
those SLC19As. As a note, specific transporters have already
been identified for almost all of them, with the only excep-
tion being nicotinamide.
Focusing on thiamine and the vitamin B6 compounds of

pyridoxal and pyridoxamine, analyses were conducted for
detailed characterization of their concentration-dependent
inhibitory effects on the specific uptake of pyridoxine (5 nM)
by SLC19A2 and SLC19A3, as shown in Fig. 8 and Table 1.
The IC50 values of thiamine, the most potent inhibitor
for the both, were comparable, being 0.71 and 0.99 mM,
respectively, for SLC19A2 and SLC19A3. Those of pyridox-
amine, the second most potent of the two, were quite differ-
ent, being much higher for SLC19A2 (55.16 mM) than for
SLC19A3 (2.97 mM). Those of pyridoxal, the least potent of
the two, were relatively close, although being somewhat

higher for SLC19A2 (1.49 mM) than for SLC19A3 (0.52 mM).
The IC50 of pyridoxal for SLC19A2 was high enough not to
elicit detectable inhibition at its concentration of 200 mM,
whereas that for SLC19A3 was at a level sufficient to elicit a
modest inhibition, consistent with the results in Fig. 6. All

Figure 7. Effect of water-soluble vitamins on pyridoxine uptake by
SLC19A2 and SLC19A3 stably expressed in MDCKII cells. The specific
uptake of [3H]pyridoxine (5 nM) by SLC19A2 (A) and SLC19A3 (B) was eval-
uated for 3 min at pH 5.5 and 37 °C in the presence of a test compound (200
mM) or in its absence (control). The control values were 76.6 and 93.5 fmol/
min/mg of protein, for SLC19A2 and SLC19A3, respectively. Data are pre-
sented as the mean 6 S.D. (n = 4). *, p , 0.05 compared with control, as
assessed by ANOVA followed by Dunnett's test.

Figure 8. Concentration-dependent inhibition of SLC19A2- and
SCL19A3-mediated pyridoxine uptake by selected compounds in stable
transfectant MDCKII cells. The specific uptake of [3H]pyridoxine (5 nM) by
SLC19A2 (A) and SLC19A3 (B) was evaluated for 3 min at pH 5.5 and 37 °C in
the presence of a test compound at varied concentrations or in its absence
for control. The control values were 58.2, 74.4, and 70.2 fmol/min/mg of pro-
tein, for thiamine, pyridoxamine, and pyridoxal, respectively, in experiments
for SLC19A2, and 91.6, 98.0, and 98.3 fmol/min/mg of protein, respectively,
in those for SLC19A3. The estimated parameters of IC50 and the Hill coeffi-
cient (n) are presented in Table 1. Data are presented as the mean 6 S.E.
(n = 3).

Table 1
Parameters for the inhibition of SLC19A2- and SLC19A3-mediated
pyridoxine transport by selected compounds in stable transfectant
MDCKII cells
The values of the Hill coefficient (n) and IC50 were determined for the inhibition
profiles shown in Fig. 8 and those of the inhibition constant (Ki) were determined
for those shown in Fig. 9. The parameter values are presented as the mean 6 S.E.
(n = 3).

Compound Transporter n IC50 Ki

Thiamine SLC19A2 0.846 0.07 0.716 0.08 mM 1.116 0.12 mM
SLC19A3 1.206 0.12 0.996 0.14 mM 0.866 0.12 mM

Pyridoxamine SLC19A2 0.966 0.01 55.166 5.64 mM 90.086 7.77 mM
SLC19A3 0.946 0.12 2.976 0.85 mM 1.576 0.32 mM

Pyridoxal SLC19A2 0.976 0.03 1.496 0.22 mM 2.636 0.50 mM

SLC19A3 0.946 0.05 0.526 0.04 mM 0.386 0.03 mM

Pyridoxine transport function of SLC19A2/3
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the Hill coefficient (n) values were comparable with unity,
suggesting the competitive or noncompetitive type of inhi-
bition conforming to the Michaelis-Menten model.

Kinetic analyses of pyridoxine transport by SLC19A2 and
SLC19A3

Both SLC19A2 and SLC19A3 were found to mediate pyri-
doxine transport in a highly saturable manner, as indicated by
the concentration-dependent profiles of specific pyridoxine
uptake (Fig. 9). According to kinetic analyses using theMichae-
lis-Menten model, the Vmax and Km were 332 pmol/min/mg of
protein and 37.8 mM, respectively, for SLC19A2, and 264 pmol/
min/mg of protein and 18.5 mM, respectively, for SLC19A3
(Table 2). Thus, the Km values for those SLC19As were compa-
rable, suggesting their comparable affinities for pyridoxine. It

should also be noted that the pyridoxine concentration of 5 nM,
which was used in regular experiments, was confirmed to be in
the linear phase of transport kinetics at concentrations much
below the Km values for both SLC19As, where their transport
activities were highest and could be evaluatedmost effectively.
The profiles of the inhibition of the specific uptake of pyridox-

ine by thiamine, pyridoxamine, and pyridoxal were all found to
conform to the competitive inhibitionmodel (Fig. 9), with the val-
ues of inhibition constant (Ki) being comparable with the respec-
tive IC50 values determined in Fig. 8 (Table 1). These results sug-
gest that the vitamin B6 compounds of pyridoxamine and
pyridoxal may be competing substrates recognized at the pyri-
doxine-binding site in both SLC19As. Cationic characteristic in
addition to structural similarity to pyridoxine may be important
for pyridoxine-related compounds to be recognized by SLC19A2
and SLC19A3, as PLP and 4-pyridoxic acid, which are less cati-
onic pyridoxine derivatives because of having anionic moieties,
did not inhibit the specific uptake of pyridoxine by either of the
SLC19As (Fig. 6), suggesting no affinity for them. Thus, those
SLC19Asmay have somemultispecific characteristics within that
limitation. 4-Deoxypyridoxine, a pyridoxine derivative that does
not have an acidic moiety, may also be recognized as a competing
substrate by those SLC19As, as this pyridoxine derivative inhib-
ited specific pyridoxine uptake by them (Fig. 6).

Kinetic analyses of the effect of pyridoxine on thiamine
transport by SLC19A2 and SLC19A3

To further clarify the interrelation between pyridoxine trans-
port and thiamine transport in the operation of each of
SLC19A2 and SLC19A3, we examined the effect of pyridoxine
on thiamine transport by those SLC19As. The uptake of thia-
mine was first examined at a trace concentration of 5 nM, the
same low concentration as that in regular assessments of pyri-
doxine transport, and at pH 7.4, as those SLC19As have been
reported to operate more efficiently under neutral to basic con-
ditions than acidic conditions (6, 7). As shown in Fig. 10, the
uptake was much greater in cells expressing those SLC19As
than in mock cells, demonstrating their known ability to trans-
port thiamine. As thiamine uptake increased in proportion to
time up to 1 min in all the transfectant and mock cells, the
uptake period was set to be 1 min in subsequent experiments
for the evaluation of thiamine transport by those SLC19As in
the initial uptake phase.

Figure 9. Effect of selected compounds on concentration-dependent
pyridoxine uptake by SLC19A2 and SLC19A3 stably expressed in
MDCKII cells. The specific uptake of [3H]pyridoxine by SLC19A2 (A) and
SLC19A3 (B) was evaluated at varied concentrations for 3 min at pH 5.5 and
37 °C in the presence of a test compound or in its absence for control. The
profiles are transformed into the Eadie-Hofstee format in the right panels.
The estimated values of Vmax, Km, and the inhibition constant (Ki) are pre-
sented in Table 2. The Ki values of thiamine are also presented in Table 1 for
comparison with the IC50 values. Data are presented as the mean 6 S.E.
(n = 3).

Table 2
Parameters for the SLC19A2- and SLC19A3-mediated transport of pyridoxine and thiamine in stable transfectant MDCKII cells
The values of Vmax and Km were determined for the profiles shown in Figs. 9 (pyridoxine), 11 (thiamine, pH 7.4), and 12 (thiamine, pH 5.5). The values of the inhibition
constant (Ki) of pyridoxine and thiamine were determined for their inhibitory effects on thiamine transport (Fig. 12) and pyridoxine transport (Fig. 9), respectively. The
parameter values are presented as the mean6 S.E. (n = 3).

Compound Transporter pH Vmax Km Ki

pmol/min
/mg of protein

mM mM

Pyridoxine SLC19A2 5.5 3326 23 37.86 6.7 49.66 1.7
SLC19A3 5.5 2646 29 18.56 1.5 13.86 2.0

Thiamine SLC19A2 7.4 1066 9 2.836 0.42 -
5.5 1006 10 3.666 0.68a 1.116 0.12

SLC19A3 7.4 65.96 9.5 2.366 0.37 -
5.5 26.96 0.8b 2.336 0.27 0.866 0.12

a Statistical differences were assessed by Student's t test. p, 0.1 compared with the value at pH 7.4.
b Statistical differences were assessed by Student's t test. p, 0.05 compared with the value at pH 7.4.

Pyridoxine transport function of SLC19A2/3
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The specific uptakes of thiamine (5 nM) by SLC19A2 and
SLC19A3 were smaller at pH 5.5 than at pH 7.4 by 34 and 64%,
respectively (Table 3). These moderately pH-dependent char-
acteristics of thiamine transport were in agreement with those
reported earlier (6, 7). The inhibitory effects of pyridoxine (200
mM) on the specific uptakes of thiamine by SLC19A2 and
SLC19A3 were quite extensive, reducing them to 24.0 and 8.9%
of control, respectively, at pH 5.5, whereas its inhibitory effects
were insignificant or only minimal at pH 7.4. These pH-de-
pendent characteristics of the effect of pyridoxine on thiamine
transport were consistent with those of pyridoxine transport by
those SLC19As, which were indicative of the higher interaction
of pyridoxine with them for its greater transport at pH 5.5 than
at pH 7.4 (Fig. 3).
The saturable profiles of the specific uptake of thiamine by

SLC19A2 and SLC19A3 were kinetically assessed at pH 7.4
(Fig. 11) and also at pH 5.5 (Fig. 12), and the estimated parame-
ters are summarized in Table 2. At pH 7.4, theVmax values were
106 and 65.9 pmol/min/mg of protein, respectively, for
SLC19A2 and SLC19A3, and the Km values were 2.83 and 2.36
mM, respectively. These Km values were comparable with the
previously reported values of 2.5 and 3.16 mM, respectively (6,
8). At pH 5.5, the Vmax values were 100 and 26.9 pmol/min/mg
of protein, respectively, for SLC19A2 and SLC19A3, and Km

values were 3.66 and 2.33 mM, respectively. These Km values
were comparable with theKi values of 1.11 and 0.86mM, respec-
tively, for the inhibition of pyridoxine transport by thiamine
(Table 2), suggesting that the interaction of thiamine with those
SLC19As for its transport is possibly linked to its inhibitory
action for pyridoxine transport. It is notable that, for SLC19A2,
the Km was indicated to be increased with a decrease in pH,

whereas Vmax was unchanged. Although the extent of decrease
in Km was not large enough to be statistically significant, the
trend was indicated at p , 0.1. To the contrary, for SLC19A3,
the Vmax was indicated to be decreased, whereas Km was
unchanged. Therefore, different mechanisms may be involved
in the pH-dependent alterations in thiamine transport by those
SLC19As. It should also be noted that the thiamine concentra-
tion of 5 nM, which was used in preceding experiments, was
confirmed to be in the linear phase of transport kinetics at con-
centrations much below the Km values for both SLC19As,
where their transport activities were highest and could be eval-
uatedmost effectively.
The analyses of the inhibitory effect of pyridoxine on the spe-

cific uptake of thiamine at pH 5.5 indicated the noncompetitive
type of inhibition for both SLC19As (Fig. 12). This is an unex-
pected result, as pyridoxine, of which the transport was indi-
cated to be competitively inhibited by thiamine (Fig. 9), should
inhibit thiamine transport competitively, according to the
Michaelis-Mentenmodel. It is notable, however, that theKi val-
ues of 49.6 and 13.8 mM, respectively, for SLC19A2 and

Figure 10. Time course of thiamine uptake in MDCKII cells stably
expressing SLC19A2 and SLC19A3. The uptake of [3H]thiamine (5 nM) was
evaluated at pH 7.4 and 37 °C. Data are presented as themean6 S.E. (n = 3).

Table 3
Effect of pyridoxine on thiamine uptake by SLC19A2 and SLC19A3 stably expressed in MDCKII cells
The specific uptake of [3H]thiamine (5 nM) by SLC19A2 and SLC19A3 was evaluated for 1 min at the specified pH and 37 °C in the presence of pyridoxine (200 mM) or in
its absence (control). Data are presented as the mean6 S.E. (n = 3).

Transporter pH

Thiamine uptake rate

None (Control) Pyridoxine

fmol/min/mg of protein % control
SLC19A2 7.4 2036 16 1686 12 82.96 5.7

5.5 1336 4a 326 1b 24.06 0.6a

SLC19A3 7.4 1706 19 1006 5b 58.66 3.0
5.5 586 3a 56 0.3b 8.96 0.5a

a Statistical differences were assessed by Student's t test. p, 0.05 compared with the value at pH 7.4.
b Statistical differences were assessed by Student's t test. p, 0.05 compared with control.

Figure 11. Concentration-dependent uptake of thiamine by SLC19A2
and SLC19A3 stably expressed in MDCKII cells under the near neutral
conditions. The specific uptake of [3H]thiamine by SLC19A2 (A) and
SLC19A3 (B) was evaluated at varied concentrations for 1 min at pH 7.4 and
37 °C. The estimated values of Vmax and Km are presented in Table 2. Data are
presented as themean6 S.E. (n = 3).
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SLC19A3 were comparable with the Km values of 37.8 and 18.5
mM, respectively, for pyridoxine transport, suggesting that the
interaction of pyridoxine with those SLC19As for its transport
is possibly linked to its apparently noncompetitive type of in-
hibitory action for thiamine transport. It seems that some kind
of unknown mechanism is involved in the interrelationship
between pyridoxine transport and thiamine transport in the
operation of each of those SLC19As, although each of the pro-
files of uptake and inhibition apparently conformed to the
Michaelis-Mentenmodel.
There is a slightly curvilinear trend in the low concentration

region in the Eadie-Hofstee plot of pyridoxine transport by
SLC19A3, whichmay suggest the presence of a second recogni-
tion site with a high affinity for pyridoxine (Fig. 9B). However,
it is not evident and, besides, the major part of the concentra-
tion-dependent profile of pyridoxine uptake is well character-
ized by the estimated Km, which is comparable with the Ki of
pyridoxine for thiamine transport.

Effect of silencing endogenous SLC19A2 and SLC19A3 in
Caco-2 cells

The effect of silencing the endogenous SLC19A2 and
SLC19A3 of Caco-2 cells (with the use of gene-specific RNAi)
on pyridoxine uptake was examined to confirm the roles of
these transporters in pyridoxine uptake. The expression of
SLC19A2 was specifically suppressed by a siRNA specific
to SLC19A2, as indicated by a significant reduction in the level
of SLC19A2 mRNA but not in that of SLC19A3 mRNA (Fig.
13A). Similarly, the suppressing effect of an SLC19A3-specific
siRNA was specific to the expression of SLC19A3 mRNA with

no effect on the expression of SLC19A2 mRNA (Fig. 13B). The
uptake of pyridoxine (5 nM) at pH 5.5 was reduced by silencing
SLC19A3 (Fig. 13C), in accordance with the suppression of its
mRNA expression and indicating its role in pyridoxine uptake.
The SLC19A2 silencing-induced reduction of pyridoxine
uptake was, however, not evident, although the trend was indi-
cated at p, 0.1.
The ratio of the uptake rate to concentration (transport coef-

ficient) at a pyridoxine concentration as high as 1 mM, which
can represent the transport coefficient for simple diffusion (2),
was estimated to be 1.7 ml/min/mg of protein. Because the
transport coefficient was 5.8 ml/min/mg of protein for control
at low concentrations (Fig. 13C), about 30% of the uptake can
be accounted for by basal uptake by simple diffusion and,
hence, the remaining 70% can be by the carrier-mediated
mechanism. The reduction in the uptake by about 50% by the
silencing of SLC19A3 suggests that this transporter could be

Figure 12. Effect of pyridoxine on concentration-dependent thiamine
uptake by SLC19A2 and SLC19A3 stably expressed in MDCKII cells
under the acidic conditions. The specific uptake of [3H]thiamine by
SLC19A2 (A) and SLC19A3 (B) was evaluated at varied concentrations for 1
min at pH 5.5 and 37 °C in the presence of pyridoxine or absence for control.
The profiles are transformed into the Eadie-Hofstee format in the right panels.
The estimated values of Vmax, Km, and the inhibition constant (Ki) are pre-
sented in Table 2. Data are presented as themean6 S.E. (n = 3).

Figure 13. Effect of silencing endogenous SLC19A2 and SLC19A3 on
pyridoxine uptake in Caco-2 cells. Caco-2 cells were cultured for 5 days af-
ter transfection with the siRNA for SLC19A2 or SLC19A3. The levels of
SLC19A2 mRNA (A) and SLC19A3 mRNA (B) were assessed by real-time PCR.
The uptake of [3H]pyridoxine (5 nM) was evaluated for 3 min at pH 5.5 and
37 °C (C). The uptake rate for control was 28.9 fmol/min/mg of protein. Data
are presented as the mean6 S.D. (n = 4). Statistical differences from control
were assessed by ANOVA followed by Dunnett's test. *, p, 0.05; †, p, 0.1.
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the main carrier-mediated pyridoxine uptake system in this cell
model, accounting for about 70% of the carrier-mediated
uptake. The remaining 30% of the carrier-mediated uptake
could be accounted for by the modest contribution of
SLC19A2, where its silencing led to;20% reduction in uptake.

Discussion

The present study demonstrates that both SLC19A2 and
SLC19A3 transport pyridoxine, and that this process is optimal
under acidic conditions. The Km values for SLC19A2 (37.8 mM)
and SLC19A3 (18.5 mM) were comparable in stable transfectant
MDCKII cells (Fig. 9 and Table 2) and similar to the Km of 12
mM reported for pyridoxine uptake in Caco-2 cells (2). Unlike
the modest difference in Km for the two transporters in stable
transfectant MDCKII cells, the Km of two transporters in Caco-
2 cells was deemed similar. The low-pH optimum of pyridoxine
uptake mediated by SLC19A2 and SLC19A3 (Figs. 3 and 4) and
its inhibition by protonophores is in agreement with the prop-
erties of pyridoxine transport in Caco-2 cells (2) and is consist-
ent with a proton-coupled process. Interestingly, the bsu1 pyri-
doxine transporter in yeast is also proton-coupled; however, it
is genetically distinct from the eukaryotic thiamine transport-
ers (1, 16). 4-Pyridoxic acid was not effective in inhibiting
SLC19A2- or SLC19A3-mediated pyridoxine transport in sta-
ble transfectant MDCKII cells (Fig. 6), although this compound
was reported to be a potent inhibitor of pyridoxine transport in
Caco-2 cells (2). The effects of all other pyridoxine-related
compounds on pyridoxine transport by these SLC19As in sta-
ble transfectantMDCKII cells (Figs. 6 and 8) were similar to the
pattern of inhibition in Caco-2 cells.
The similarity of SLC19A2- and SLC19A3-mediated pyri-

doxine transport in stable transfectant MDCKII cells and pyri-
doxine transport reported for Caco-2 cells, the latter a model
for intestinal transport, along with the impact of siRNA sup-
pression of SLC19A3 in Caco-2 cells, suggests the possibility
that this transporter plays a role in the intestinal absorption of
pyridoxine. SLC19A2 and SLC19A3 have been known to be
localized to the basolateral and brush border membranes (17–
21), respectively, in intestinal epithelial cells and could consti-
tute a pathway of pyridoxine absorption. According to this
localization of the transporters, the latter wouldmediate uptake
across the brush border membrane driven by the H1 gradient
within the acidic microenvironment at the intestinal surface. A
possible role for SLC19A2 in transport across the basolateral
membrane in the absence of H1 gradient is uncertain but this
transporter might facilitate export driven by a pyridoxine con-
centration gradient. More likely, there is some expression of
SLC19A2 at the brush border membrane (17–20), where it
would contribute to pyridoxine uptake. Although SLC19A2
and SLC19A3 are expressed in a variety of systemic tissues (6,
8), the extent to which they deliver pyridoxine to these tissues
within their near neutral microenvironments is not clear.
The pH dependence of pyridoxine transport systems in other

cell types (opossum kidney cells, mouse colonocytes, and pan-
creatic acinar 266-6 cells) differs from that of SLC19A2 and
SLC19A3 in that these systems have neutral to basic pH optima
(3–5). In addition, theKm for pyridoxine transport in these cells

is 1-2 orders of magnitude lower than those observed for
SLC19A2 and SLC19A3 (3–5). A similar low Km has also been
reported for pyridoxine transport in human primary pancreatic
acinar cells (5). There are also differences in sensitivity to pyri-
doxine-related compounds among pyridoxine transport sys-
tems in these cell types and as compared with SLC19A2 and
SLC19A3. However, in the absence of additional information
regarding themechanism of transport of pyridoxine and related
compounds, it is not possible to determine whether these
observations are due to different properties of SLC19A2 and
SLC19A3 expressed in these cells and/or the presence of other
pyridoxine transporter(s).
The current study indicates that SLC19A2 and SLC19A3

transport both thiamine and pyridoxine. However, there are
marked differences in the pH at which transport of these sub-
strates is optimal; this occurs, for thiamine, at near neutral pH
and, for pyridoxine, at acidic pH (Fig. 3 and Tables 2 and 3).
There was also a qualitative difference in the kinetics of inhibition
of pyridoxine transport by thiamine and inhibition of thiamine
transport by pyridoxine; the former was competitive and the lat-
ter noncompetitive (Figs. 9 and 12). This suggests that the two
substrates may bind to different sites of the transporter proteins,
a likely possibility in view of the structural diversity of cationic
compounds transported by these transporters (6–9). There is
precedent for this; for example, novel organic cation transporter
2 (SLC22A5) functions as aNa1-dependent transporter for L-car-
nitine, whereas its mediated transport of organic cations such as
tetraethylammonium is Na1-independent (22).
In summary, we report for the first time the molecular iden-

tity of transporters for pyridoxine. We demonstrate that
SLC19A2 and SLC19A3, originally identified as thiamine trans-
porters, are multispecific transporters shared by pyridoxine
and other structurally unrelated cationic compounds. The pro-
ton-coupled transport manifested for pyridoxine raises the pos-
sibility that these transporters may be the carrier-mediated
mechanism by which pyridoxine and related compounds are
absorbed in the small intestine. These findings can be a basis
for further studies on the role these transporters play in the
physiological processes involving pyridoxine and the patho-
physiology of deficiency disorders involving this vitamin.

Experimental procedures

Materials

[3H]Pyridoxine (20 Ci/mmol), [3H]thiamine (20 Ci/mmol),
and [3H]3-O-MG (90 Ci/mmol) were obtained from American
Radiolabeled Chemicals (St. Louis, MO). Unlabeled pyridoxine
and thiamine were obtained from Tokyo Chemical Industry (To-
kyo, Japan) and Wako Pure Chemical Industries (Osaka, Japan),
respectively. Dulbecco’s modified Eagle’s medium (DMEM) was
obtained from Wako Pure Chemical Industries and fetal bovine
serum (FBS) was from Sigma-Aldrich. All other reagents were of
analytical grade and commercially obtained.

Cell culture

HEK293 cells were obtained from Cell Resource Center for
Biomedical Research, Tohoku University, Japan, and MDCKII
cells and Caco-2 cells were from RIKEN BioResource Research
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Center (Tsukuba, Japan). The cells were maintained at 37 °C
and 5% CO2 in DMEM supplemented with 10% FBS, 100 units/
ml of penicillin, and 100 mg/ml of streptomycin, as described
previously (23).

Preparation of plasmids

The cDNA of human SLC19A1 (GenBank accession number
NM_194255.4) was cloned by an RT-PCRmethod, as described
previously (23). In brief, an RT reaction was carried out to
obtain a cDNA mixture from human placenta total RNA (Bio-
Chain Institute, Newark, CA), using 1 mg of the total RNA, an
oligo(dT) primer, and ReverTra Ace (Toyobo, Osaka, Japan) as
a reverse transcriptase. The cDNA of SLC19A1 was amplified
by PCR, using PrimeSTARMax DNA Polymerase (Takara Bio,
Kusatsu, Japan). Then, the second PCR was performed using
the amplified product as a template to incorporate restriction
sites. Similarly, the cDNAs of SLC19A2 and SLC19A3 were
cloned from human placenta total RNA. Their GenBank acces-
sion numbers are NM_006996.3 and NM_025243.4, respec-
tively. The primers for PCR are shown in Table 4.
All final cDNA products were incorporated into pCI-neo

vector (Promega, Madison, WI) to prepare plasmids for trans-
fection and their sequences were determined with an auto-
mated sequencer (ABI PRISM 3130, Applied Biosystems, Fos-
ter City, CA), as described previously (24).

Preparation of transient transfectant HEK293 cells

HEK293 cells (2.0 3 105 cells/ml, 1 ml/well) were grown on
24-well–plates coated with poly-L-lysine (coated plates) for
12 h, transfected with 1 mg/well of the plasmid carrying the
cDNA of the designated transporter (SLC19A1, SLC19A2, or
SLC19A3), using 2 mg/well of Polyethylenimine “MAX” (Poly-
science, Warrington, PA), and cultured for 48 h for transient
transfection, as described previously (24).Mock cells were simi-
larly prepared using empty pCI-neo vector.

Preparation of stable transfectant MDCKII cells

MDCKII cells (4.0 3 105 cells/ml, 0.5 ml/well) were seeded
on regular 24-well–plates, transfected with 1 mg/well of
the plasmid for the designated transporter (SLC19A2 or
SLC19A3), using 2 ml/well of Lipofectamine 2000 (Invitrogen),

and cultured in DMEM supplemented with 10% FBS and 800
mg/ml of G418 (Sigma-Aldrich) for 2 to 3 weeks for stable
transfection, as described previously (25). G418-resistant
clones were selected to obtain stable transfectant MDCKII
cells. Mock cells were similarly prepared using empty pCI-neo
vector.

Silencing of SLC19A2 and SLC19A3 in Caco-2 cells

Caco-2 cells (5.0 3 104 cells/ml, 1 ml/well) were grown on
24-well–coated plates for 6 h, transfected with 15 pmol/well of
the siRNA specific to the mRNA of SLC19A2 or SLC19A3
(Sigma-Aldrich), using 1.5 ml/well of Lipofectamine RNAi
MAX (Invitrogen), and cultured for 5 days for silencing of the
designated transporter by RNAi. The sequences of the siRNAs
are shown in Table 5. For control, Negative Control DsiRNA
(Integrated DNATechnologies, Coralville, IA) was used.

Real-time PCR analysis

Total RNA isolated from Caco-2 cells by a guanidine isothio-
cyanate extraction method (26) was used to obtain a cDNA
mixture by an RT reaction, using ReverTra Ace as a reverse
transcriptase. Real-time quantitative PCR analysis was per-
formed with a CFX Connect Real-Time PCR Detection System
(Bio-Rad Laboratories), using SsoAdvanced Universal SYBR

Table 4
Primers for amplification of the cDNAs of SLC19As

Solid lines, bold italic, bold, and double lines are restriction sites for XhoI, XbaI, EcoRI, and SalI, respectively.

Transporter PCR Orientation Sequence (59 to 39)

SLC19A1 1st Forward GCAGGCACAGCGTCACCTTCGTC
Reverse CGCCCGAGAGTCACTGGTTCACA

2nd Forward CGACTCGAGGCAGGATGGTGCCCTCCAGC
Reverse CTTTCTAGAGTCACTGGTTCACATTC

SLC19A2 1st Forward CGGTTACAAGTGCCTGACCCTC
Reverse TCAAACACATCCAGGCAGTTGCT

2nd Forward CCTGAATTCCGCCATGGATGTGCCCGGCCC
Reverse CCCGTCGACAGTATATTATGAAGTGGT

SLC19A3 1st Forward GACACTCCCTTCTGTAGCCA
Reverse TGTTTAATTATGATGACGGGTCCT

2nd Forward AAGGAATTCAGCCATGGATTGTTACAGAA
Reverse AGTTCTAGATTAGAGTTTTGTTGACATGA

Table 5
Sequences of the siRNAs for SLC19A2 and SLC19A3

Transporter Type Sequence (59 to 39)

SLC19A2 Sense AAGUUACUGUCGAAGUGCCAC
Antisense GUGGCACUUCGACAGUAACUU

SLC19A3 Sense AAGGAGUGAAGACCAUGCAGG
Antisense CCUGCAUGGUCUUCACUCCUU

Table 6
Primers for the real-time PCR analyses of the expression of SLC19A2
and SLC19A3

Protein Orientation Sequence (59 to 39)

SLC19A2 Forward CAAGTTACTGTCGAAGTGCCA
Reverse GCAGGTAGAAGGAATGTGGTGAA

SLC19A3 Forward TCCCCGTTTGGACATACTCCT
Reverse GCTTGTAGCGGACATAATCGGT

GAPDH Forward CGGAGTCAACGGATTTGGTCGTAT
Reverse AGCCTTCTCCATGGTGGTGAAGAC
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Green Supermix (Bio-Rad Laboratories) with specific detection
primers for SLC19A2 and SLC19A3 (Table 6). GAPDH was
used as the internal control, of which the mRNA expression
level was used to normalize those of the SLC19As.

Transport study

Uptake assays were conducted as described previously (23),
using transient transfectant HEK293 cells cultured on 24-well–
coated plates, stable transfectant MDCKII cells cultured on
regular 24-well–plates, and Caco-2 cells cultured on 24-well–
coated plates. In brief, uptake solutions were prepared using
Hanks' solutionmodified by supplementation with 10 mMMES
(pH 6.5 and below) or 10 mM HEPES (pH 7.0 and above) and
added with [3H]pyridoxine as the substrate. Cells in each well
were preincubated for 5min in 1ml of substrate-free uptake so-
lution. Uptake assays were started by replacing the substrate-
free uptake solution with the one containing [3H]pyridoxine
(0.25 ml). All the procedures were conducted at 37 °C. In
experiments for intracellular acidification using the protono-
phores of FCCP and CCCP, they were added in the solution for
preincubation as well as that for the uptake period. In those
using nigericin and by an NH4Cl prepulse method, NaCl in the
regular uptake solution was replaced with KCl. Nigericin was
added only in the solution for preincubation. In the NH4Cl pre-
pulse experiments, cells were preincubated in the solution
added with 20 mM NH4Cl for 10 min and then in the solution
without NH4Cl for 5 min before starting uptake using the solu-
tion without NH4Cl for the uptake period, as described previ-
ously (14). To examine the effect of ionic conditions, NaCl was
replaced as indicated. In inhibition experiments, test com-
pounds were added to the uptake solution to be present only
during the uptake period. After termination of the uptake of
[3H]pyridoxine into the cells, the cells were solubilized and the
associated radioactivity was determined by liquid scintillation
counting for the evaluation of the uptake. The uptake was nor-
malized to cellular protein content, which was determined by
the bicinchoninic acid method (BCA Protein Assay Reagent
Kit, Thermo Fisher Scientific, Waltham,MA), using BSA as the
standard. In experiments using stable transfectant MDCKII
cells, the specific uptake of pyridoxine was estimated by sub-
tracting the uptake in mock cells from that in transfectant cells.
The uptake of [3H]thiamine was similarly assessed in stable
transfectantMDCKII cells.

Estimation of cellular volume

The uptake of [3H]3-O-MG (1 nM) was evaluated at equilib-
rium (10 min after the initiation of uptake) for the estimation of
the cellular volume, as reported previously (11), in SLC19A2-
transfected and SLC19A3-transfectedMDCKII cells.

Data analysis

The saturable uptake of a substrate by each transporter was
analyzed using the Michaelis-Menten model equation as fol-
lows: v = Vmax 3 s/(Km 1 s). The Vmax and Km were estimated
by fitting this equation to the experimental profile of the uptake
rate (v) versus the concentration (s) of the substrate, using a

nonlinear least-squares regression analysis program, WinNon-
lin (Certara, Princeton, NJ).
Analysis of the competitive type of inhibition of saturable

substrate uptake by each transporter was conducted using the
Michaelis-Menten model equation for competitive inhibition
as follows: v = Vmax 3 s/(Km(1 1 i/Ki) 1 s). The Ki was esti-
mated by fitting this equation to the experimental profile of v
versus s in the presence of an inhibitor at the concentration of i,
with the Vmax and Km fixed at those estimated in its absence.
Analysis of the noncompetitive type of inhibition was con-
ducted similarly by using the equation for noncompetitive inhi-
bition as follows: v = (Vmax/(11 i/Ki))3 s/(Km1 s).
The concentration-dependent inhibition of pyridoxine

uptake by selected compounds was analyzed by using the fol-
lowing equation, which describes v as a function of i at s much
lower than Km (s � Km): v = v0/(1 1 (i/IC50)

n). The v0 repre-
sents v in the absence of inhibitors. The IC50 was estimated to-
gether with n by fitting this equation to the experimental profile
of v versus i, with v0 fixed at the observed value.
Data are presented as themean6 S.E. or S.D. with the number

of experiments conducted using different preparations of cells,
where each experiment was conducted in duplicate as biological
repeats. Statistical analysis was performed by using Student’s t
test or, when multiple comparisons were needed, ANOVA fol-
lowed byDunnett's test, with p, 0.05 considered significant.
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