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The aim of this studywas to characterize the intestinal absorption of thiamine, by investigating the hypothesis of
an involvement of Organic Cation Transporter (OCT) family members in this process. [3H]-T+ uptake was found
to be: 1) time-dependent, 2)Na+- and Cl−-dependent, 3) pH-dependent, with uptake increasingwith a decrease
in extracellular pH and decreasing with a decrease in intracellular pH, 4) inhibited by amiloride, 5) inhibited by
the thiamine structural analogues oxythiamine and amprolium, 6) inhibited by the unrelated organic cations
MPP+, clonidine, dopamine, serotonin, 7) inhibited by the OCT inhibitors decynium22 and progesterone.
Moreover, the dependence of [3H]-T+ uptake on phosphorylation/dephosphorylation mechanisms was also
investigated and [3H]-T+ uptake was found to be reduced by PKA activation and protein tyrosine phosphatase
and alkaline phosphatase inhibition. In conclusion, our results are compatible with the possibility of thiamine
being transported not only by ThTr1 and/or ThTr2, but also by members of the OCT family of transporters
(most probably OCT1 and/or OCT3), thus sharing the same transporters with several other organic cations at
the small intestinal level.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Thiamine (vitamin B1), a water-soluble micronutrient, is essential
for normal cellular functions and growth. It is a precursor of thiamine
pyrophosphate which plays a critical role in normal carbohydrate me-
tabolism where it participates in the decarboxylation of pyruvic and
α-ketoglutamic acids, and in the utilization of pentose in the hexose
monophosphate shunt (Rindi and Laforenza, 2000).

Thiamine deficiency in humans leads to a variety of clinical abnor-
malities including neurological and cardiovascular disorders (Kumar,
2010; Morley, 2010; Soukoulis et al., 2009; Wooley, 2008). Thiamine
deficiency represents a significant nutritional problem in developing
countries. This is not an exclusive problem in these countries, as it
is also found in affluent countries as a clinically significant problem
in individuals with chronic alcoholism (Koike and Sobue, 2006;
Subramanya et al.,; Tallaksen et al., 1992), diabetes (Saito et al.,
1987; Thornalley et al., 2007), in patients with renal and intestinal
diseases (Frank et al., 2000), and in the elderly (Fabian and Elmadfa,
2008; Lengyel et al., 2008), despite an average daily intake of this vi-
tamin that exceeds the recommended requirements (Olsen et al.,
2009).

Humans and other mammals cannot synthesize thiamine and
thus must obtain this vitamin from exogenous sources via intestinal
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absorption. Thus, the intestine plays a critical role in regulating body
thiamine homeostasis and understanding the mechanism of intestinal
thiamine absorption process is of significant nutritional importance.

Chemically, thiamine is an organic cation (quaternary ammonium
compound) with a high molecular weight. Biological membranes pre-
vent transmembrane diffusion of the majority of organic molecules
that bear net charges at physiological pH, and so membrane-bound
transport systems are generally involved in the absorption, distribu-
tion, and elimination of these compounds. Thefirst thiamine transporter
(ThTr1, SLC19A2) was cloned in 1999 in yeast. Mutations in the human
SLC19A2 gene are responsible for thiamine-responsive megaloblastic
anemia (Rogers Syndrome) (Ganapathy et al., 2004). However, these
patients do not present the characteristic cardiovascular and/or neuro-
logical symptoms (known as beriberi) seen in nutritional thiamine defi-
ciency (Ganapathy et al., 2004), and have normal thiamine plasmatic
levels, which suggest that, besides ThTr1, other transporter(s) are also
involved in the intestinal transport of thiamine. Accordingly, a second
high-affinity transporter was described for thiamine (ThTr2; SLC19A3).
This transporter is expressed in different tissues, including intestine
(Said et al., 2004).

Since thiamine is an organic cation, organic cation transporters (OCTs;
members of the SLC22 family), which are polyspecific transporters of or-
ganic cations,may also contribute for global thiamine transport. At the in-
testinal level, two distinct OCTs are known to be functionally present:
OCT1 (Martel et al., 2000) and OCT3 (also known as the extraneuronal
monoamine transporter, EMT) (Martel et al., 2000, 2001).

For studies on the intestinal uptake of thiamine, Caco-2 cells, an
enterocyte-like cell line derived from a human colonic adenocarcinoma,
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Fig. 1. Time-course of [3H]-T+ uptake by Caco-2 cells. Cells were preincubated for
20 min and then incubated with thiamine-3H 100 nM at 37 °C in the absence (■;
n=4) or presence of thiamine 100 μM (□; n=2) or amprolium 100 μM (∇; n=2).
Data are shown as arithmetic means±S.E.M.
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were used as an intestinal epithelial model. This human intestinal epi-
thelial cell line forms confluent monolayers of well-differentiated
enterocyte-like cells with the functional properties of transporting epi-
thelia (Delie and Rubas, 1997; Yee, 1997).

2. Materials and methods

2.1. Materials

[3H]-thiamine (specific activity 10 Ci mmol−1; American Radiola-
beled Chemicals Inc., St. Louis, MO, USA); DMSO, Triton X-100 (Merck,
Darmstadt, Germany); tetraethylammonium bromide (TEA), cimeti-
dine, choline chloride, N-methylnicotinamide chloride (NMN), cortico-
sterone, decynium22 (1,1′-diethyl-2,2′-cyanine iodide), dibutyryl cAMP
sodium salt, histamine dihydrochloride, β-estradiol, pyridoxal 5′-
phosphate, HEPES (N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic
acid), amiloride hydrochloride, amprolium hydrochloride, lithium chlo-
ride, clonidine hydrochloride, dopamine hydrochloride, guanidine hy-
drochloride, levamisole hydrochloride, oxythiamine hydrochloride,
thiamine pyrophosphate, MEM (Minimal Essential Medium), progester-
one, desipramine, fluoxetine, serotonin (5-HT), sodium orthovanadate,
penicillin/streptomycin solution, riboflavin, Tris (tris-(hydroxymethyl)-
aminomethane hydrochloride), trypsin-EDTA solution, fetal bovine
serum (Sigma, St. Louis, MO, USA); cyanine863 (quinolinium,2-[(3,6-
dimethyl-2-phenyl-4(3H)-pyrimidinylidene)methyl]-1-ethyl-chloride)
(ICN Pharmaceuticals, Costa Mesa, CAL, USA).

2.2. Cell and culture conditions

The Caco-2 cell line was obtained from the American Type Culture
Collection (ATCC, Rockville, MD, USA) and was used between passage
number 14–74. Caco-2 cells (ATCC 37-HTB) were maintained in a hu-
midified atmosphere of 5% CO2–95% air and were grown in Minimum
Essential Medium (Sigma, St. Louis, MO, USA) supplemented with
15% fetal bovine serum, 25 mM HEPES, 100 units ml−1 penicillin,
100 μg ml−1 streptomycin and 0.25 μg ml−1 amphotericin B. Culture
medium was changed every 2 to 3 days and the culture was split
every 7 days. For subculturing, the cells were removed enzymatically
(0.25% trypsin-EDTA, 5 min, 37 °C), split 1:3, and subcultured in plas-
tic culture dishes (21 cm2; ∅ 60 mm; Corning Costar, Corning, NY).
For the experiments, the Caco-2 cells were seeded on 24-well plastic
cell culture clusters (2 cm2; ∅ 16 mm; Corning Costar). For 24 h be-
fore the experiment, the cell medium was free of fetal bovine
serum. Uptake and enzymatic studies were generally performed
9–20 days after the cells formed a monolayer.

2.3. Cellular uptake of [3H]-T+ by Caco-2 cells

[3H]-thiamine ([3H]-T+) uptake experiments were performed in
Hanks’ medium with the following composition (in mM): 137 NaCl,
5 KCl, 0.8 MgSO4, 1.0 MgCl2, 0.33 Na2HPO4, 0.44 KH2PO4, 0.25 CaCl2,
0.15 Tris–HCl, and 1.0 sodium butyrate, pH 7.4. These studies were
performed in Caco-2 cells cultured in plastic supports, [3H]-T+

being applied to the luminal cell border.
Initially, the growth medium was aspirated and the cells were

washed with Hanks' medium at 37 °C; then the cell monolayers
were preincubated for 20 min in Hanks' medium at 37 °C. Uptake
was initiated by the addition of 250 μl medium at 37 °C containing
100 or 400 nM 3H-T+. After 3 min, incubation was stopped by placing
the cells on ice and rinsing them with 500 μl ice-cold Hanks’medium.
The cells were then solubilized with 300 μl 0.1% (v/v) Triton X-100 (in
5 mM Tris–HCl, pH 7.4), and placed at 37 °C overnight. Radioactivity
in the cells was measured by liquid scintillation counting.

Effect of drugs: drugs to be tested were present during both the
preincubation and incubation periods. Controls were performed in
the presence of 0.1% of the solvent.
Effect of pH or ionic composition of the external medium: to deter-
mine the influence of external medium pH on the uptake of [3H+]-
T+, cells were incubated in pH-variable media (5.0–8.5). To study
Na+- and Cl−-dependence of the uptake of [3H+]-T+, cells were pre-
incubated and incubated in NaCl-free medium. NaCl was isotonically
replaced by lithium chloride, choline chloride, potassium chloride or
sodium fluoride.

2.4. Protein quantification

The protein content of cells was determined by the method of
Bradford (1976), with human serum albumin as standard.

2.5. Calculations and statistics

Arithmetic means are given with S.E.M. Statistical significance of
the difference between various groups was evaluated by one-way
analysis of variance (ANOVA test) followed by the Bonferroni test.
For comparison between two groups, Student's t-test was used. Dif-
ferences were considered to be significant when Pb0.05.

3. Results

3.1. Characterization of thiamine ([3H]-T+) uptake by Caco-2 cells

Cellular uptake of [3H]-T+ was determined using Caco-2 cells as a
model of intestinal epithelia. In the first series of experiments, we
verified that cells took up [3H]-T+ in a time-dependent way, and
that uptake of [3H]-T+ was linear with time for up to 5 min of incuba-
tion. So, all the subsequent experiments were performed using a
3 min incubation period, in the presence or absence of compounds,
in order to determine initial rates of uptake (Fig. 1).

3.2. pH-dependence and amiloride effect

The effect of extracellular medium pH on [3H]-T+ uptake was ex-
amined by varying the pH of the preincubation and incubation media
over the range between 5 and 8.5. Acidification of the extracellular
media increased [3H]-T+ uptake, showing thus the pH-dependency
of this transport (Fig. 2A).

The effect of intracellular acidification was next studied. For this,
cell acidification was induced on confluent monolayers of Caco-2
cells, which were incubated for 30 min in Hanks buffer with NH4Cl
(in replacement of NaCl). This was followed by removal of the
media and incubation for 3 min with 400 nM of [3H]-T+ in media
where NaCl was replaced by KCl. For control, cells were incubated
for 30 min in buffer that had KCl in replacement of NaCl. We observed
a significant inhibition of [3H]-T+ uptake in NH4Cl-treated cells, when
compared to control cells (Fig. 2B). Finally, inhibition of Na+/H+
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Fig. 2. A—Effect of extracellular pH (5 to 8.5 (n=6–10) on [3H]-T+ uptake by Caco-2
cells. Cells were preincubated for 20 min and then incubated at 37 °C with [3H]-T+

(400 nM) for 3 min. B—Effect of intracellular acidification (n=6) on [3H]-T+ uptake
by Caco-2 cells. Cells were preincubated for 30 min in the absence (control) or pres-
ence of NH4Cl and then incubated in the presence of KCl at 37 °C with [3H]-T+ (400
nM) for 3 min. *Pb0.05 vs control.
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exchanger with amiloride (1 mM) resulted in a significant decrease of
[3H]-T+ uptake (47±7% of control; n=4).
3.3. Potential-, sodium- and chloride-dependence

Replacement of NaCl by LiCl or KCl in both the preincubation and
incubation media did not induced any significant changes on [3H]-T+

uptake (92±5% and 108±10% of control, respectively; n=17 and
n=10). However, when NaCl was replaced by choline chloride
(CoCl), there was a significant decrease of [3H]-T+ uptake. The use
of NaF had a tendency to reduce the uptake of this vitamin (Table 1).
3.4. Effect of thiamine and thiamine analogs

Oxythiamine and amprolium significant decreased [3H]-T+ cellular
uptake in a concentration-dependent manner (Fig. 1 and Table 1). Non-
labeled thiamine also led to a significant and concentration-dependent
reduction of its own transport (Fig. 1 and Table 1).
Table 1
Effect of several compounds on [3H]-T+ uptake by Caco-2 cells. Cells were preincu-
bated for 20 min and then incubated at 37 °C with [3H]-T+ (400 nM) for 3 min in the
absence (control; C) or presence of these compounds. Data are shown as pmol of
[3H]-T+/mg prot/3 min. aPb0.05 vs control.

Compound 3[H]-Thiamine uptake (pmol/mg prot/3 min)

Control 5.79±0.47
CoCl 2.54±0.41a

LiCl 5.35±0.45
KCl 6.24±1.1
NaF 4.94±0.53
Control (H2O) 7.00±0.38
Oxythiamine 10 μM 5.49±0.1a

Oxythiamine 100 μM 5.17±0.1a

Oxythiamine 500 μM 4.06±0.42a

Amprolium 10 μM 4.31±0.71a

Amprolium 100 μM 3.67±0.45a

Amprolium 500 μM 3.78±0.42a

Thiamine 10 μM 4.89±0.49a

Thiamine 100 μM 4.28±0.17a

Thiamine 500 μM 4.13±0.34a

Dopamine 100 μM 8.29±0.22a

Clonidine 100 μM 5.72±0.33a

MPP+ 100 μM 5.12±0.32a

Vanadate 100 μM 6.15±0.52a

Levamisol 500 μM 3.92±0.51a

Control (EtOH) 6.06±0.36
D22 5 μM 4.48±0.32a

D22 50 μM 4.04±0.56a

Progesterone 100 μM 5.14±0.45a

Control (DMSO) 7.06±0.37
DB-AMPc 2.5 mM 6.01±0.75a
3.5. Effect of OCTs modulators

The effect of several OCTs (organic cation transporters) modula-
tors (substrates/inhibitors) on [3H]-T+ uptake in Caco-2 cells was
next investigated. Clonidine (100 μM), MPP+ (100 μM), D22 (5 and
50 μM) and progesterone (100 μM) were able to significantly inhibit
[3H]-T+ uptake on Caco-2 cells (Table 1).

Other OCTs inhibitors tested, such as histamine (500 μM), cimeti-
dine (100 μM), guanidine (100 and 500 μM), tetraethylammonium
(TEA; 100 μM), choline (100 μM and 1 mM), NMN (100 μM), cortico-
sterone (270 μM) and cyanine863 (1 μM), did not show any effect
upon [3H]-T+ uptake by these cells (data not shown). Curiously, do-
pamine (100 μM) significantly increased [3H]-T+ uptake (Table 1).

3.6. Effect of phosphatases inhibitors

Two phosphatases inhibitors were tested, levamisole (500 μM)
and vanadate (100 μM), and there was a significant inhibition of
[3H]-T+ cellular uptake in the presence of these compounds, when
compared to control. Levamisole (56±5% of control) had a more pro-
nounced effect than vanadate (88±3% of control) (Table 1).

3.7. Effect of DB-AMPc

Cells were treated for 20 min with DB-AMPc (2.5 mM), an ana-
logue of AMPc that increases intracellular levels of AMPc. This treat-
ment significantly decreased [3H]-T+ uptake, which suggests a
possible involvement of protein kinase A (PKA) in the regulation of
the apical transport of thiamine on Caco-2 cells (Table 1).

3.8. Effect of SERT modulators

Serotonin (5-HT) and two specific inhibitors of the serotonin
transporter SERT (fluoxetine and desipramine) were tested in this
model. Interestingly enough, [3H]-T+ uptake was significantly de-
creased in the presence of serotonin, but the SERT inhibitors have
no effect on this transport (Fig. 3).

4. Discussion

The intestinal transport of thiamine is pharmacologically poorly
characterized. The absorption of this vitamin is made primarily in in-
testine, and due to the fact that thiamine is an organic cation, it needs
a transporter in the plasma membrane.

Previous studies with brush border membrane vesicles (BBMVs)
revealed that thiamine uptake by enterocytes is a Na+-independent,
pH-dependent, amiloride-sensitive, electroneutral carrier-mediated
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Fig. 3. – Effect of fluoxetine (10 μM), desipramine (10 μM) and serotonin (5-HT;
100 μM) on [3H]-T+ uptake by Caco-2 cells. Cells were preincubated for 20 min and
then incubated at 37 °C with [3H]-T+ (400 nM) for 3 min in the absence (control; C)
or presence of this compound. Data are shown as % of control. *Pb0.05 vs control.
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mechanism inhibited by thiamine structural analogs such as ampro-
lium and oxythiamine and corresponding to a thiamine/H+ antiport
mechanism (Dudeja et al., 2001, 2003).

Moreover, some authors used Caco-2 cells and found that apical
uptake of thiamine by these cells was also energy-, temperature-
and pH-dependent and sodium-independent. It involves a saturable
mechanism, being inhibited by thiamine structural analogs such as
amprolium and oxythiamine, but not by other organic cations such
as choline, TEA and NMN. Again, the results were compatible with
the involvement of a thiamine/H+ antiport mechanism (Said et al.,
1999). Because both ThTr-1 and ThTr-2 function as thiamine/H+ anti-
porters (Diaz et al., 1999; Labay et al., 1999; Rajgopal et al., 2001),
both these transporters were suggested to be involved in the apical
uptake of thiamine in Caco-2 cells and human intestine. Later work
clearly showed that indeed this was the case (Said et al., 2004).

In what concerns thiamine efflux from enterocyte, studies using
basolateral vesicles showed that this is sodium-dependent and inhib-
ited by structural analogs of thiamine. In addition, an ATPase-Na+-K+

seems to be involved on basolateral transport of thiamine (Rindi and
Laforenza, 2000).

In the present work, apical uptake of [3H]-T+ by Caco-2 cells was
shown to be sodium-andpotential-independent, since isosmolar substi-
tution of extracellular NaCl by LiCl or KCl did not significantly change
transport. Inhibition by choline chloride does not seem enough to sup-
port the conclusion that this transport is sodium- dependent. Since cho-
line is an organic cation,we hypothesize that thiamine uptake inhibition
is a consequence of competition between choline and thiamine for the
same transporter. In the presence of lower choline concentrations
(100 μM and 1 mM), however, we did not observe any change on
[3H]-T+ transport (data not shown), which is in agreement with Said
et al. (Said et al., 1999). Interestingly enough, Martel et al. (2001) de-
scribed a similar effect of choline upon OCT3-mediated transport of
the organic cation MPP+ transport. According to these authors, high
concentrations of choline (125 mM) significantly inhibited this trans-
port, but lower concentrations had no effect.

We also found intestinal uptake of [3H]-T+ to be chloride-
independent, as replacement of NaCl by NaF did not produce any
effect.

Still according to the present study, thiamine transport in Caco-2
cells was inhibited, in a concentration-dependent manner, by the thia-
mine structural analogs amproliumand oxythiamine. These results sug-
gest the involvement of at least one of the two transporters cloned for
thiamine, ThTr1 and/or ThTr2, in thiamine uptake by Caco-2 cells.

However, the pH-dependence experiments point to the conclu-
sion that, in Caco-2 cells, apical absorption of thiamine occurs
through a thiamine/H+ cotransport. These results can be summarized
as follows: (i) acidification of extracellular media increased thiamine
uptake and alkalinization decreased it; (ii) intracellular acidification
resulted in inhibition of uptake; (iii) treatment of the cells with
amiloride, an inhibitor of Na+/H+ exchanger present on apical mem-
brane of enterocytes, caused a significant reduction of thiamine up-
take. Taken together, the above results support the hypothesis of an
involvement of a T+/H+ cotransport in thiamine uptake by Caco-2
cells, and not an T+/H+ antiport, as previously suggested (Said et
al., 1999). Of note, Said et al. (1999) also confirmed a decrease in
the uptake of thiamine by Caco-2 cells in the presence of amiloride.
Since amiloride is a diuretic used on clinical practice, it seems impor-
tant to understand the nutritional significance of this interaction, es-
pecially on patients chronically treated with this drug. It has been
described that chronic use of diuretics can lead to a thiamine deficien-
cy, which could be explained by these results. Thus, thiamine supple-
mentation of patients subjected to chronic treatment with these
drugs could be necessary.

As mentioned above, our pH-dependence results point to the in-
volvement of a transporter distinct from either ThTr1 or ThTr2 in
the apical uptake of thiamine by Caco-2 cells. A study of thiamine
transport in placental trophoblastic cells (BeWo cells) also suggested
the involvement of other transporters, besides ThTr1 and ThTr2, on
thiamine cellular uptake. Authors concluded that SERT, a highly selec-
tive serotonin plasmalemmal transporter, could be involved in uptake
of this vitamin at the placental level (Keating et al., 2006). However,
in our work, the lack of effect of SERT inhibitors upon thiamine uptake
shows that this transporter is most probably not involved in thiamine
uptake by Caco-2 cells. If that is the case, then the significant decrease
of thiamine uptake caused by serotonin could indicate that these two
substances share another transporter. Serotonin transport by a mem-
ber of the SLC22 family (OCT2) has already been described (Busch et
al., 1998). Also, thiamine was found to inhibit serotonin transport in
placental cells (Keating et al., 2004), reinforcing the theory that
these two substances can, at least in part, share the same transporter.

Several endogenous substances and drugs from different thera-
peutics classes (e.g. neurotransmitters, some vitamins, antihista-
mines) are organic cations. At the intestinal epithelial level, they are
thought to be transported by two different transporters belonging
to the SLC22 transporter family: OCT1 and OCT3 (Martel et al., 2000,
2001). According to these and other authors, OCT3 is probably the
main transporter involved on the apical uptake of organic cations (re-
view by Koepsell et al., 2007). Since thiamine is absorbed in the intes-
tinal lumen as an organic cation, the interference of organic cation
transporters was hypothesized and investigated.

The organic cations TEA, choline and NMN, described as sub-
strates/inhibitors of OCTs, did not have any effect on thiamine trans-
port, which is in agreement with other authors (e.g. (Laforenza et al.,
1998; Said et al., 1999)). Moreover, other OCTs substrates/inhibitors
tested (namely histamine, cimetidine, guanidine, corticosterone and
cianine 863), also did not interfere with the studied transport. On
the contrary, some other OCT substrates/inhibitors (namely, cloni-
dine, decynium22 and MPP+) significantly inhibited thiamine trans-
port in Caco-2 cells. Because MPP+ is an excellent model substrate
for OCT1, OCT2 and OCT3 but not for other members of the SLC22
family (Grundemann et al., 1999), these results suggest the involvement
of one of these transporters on thiamine uptake. Curiously, dopamine,
an organic cation known to be an OCT1, OCT2 and OCT3 substrate/inhib-
itor (Koepsell et al., 2007), significantly increased this transport. This
could be due to a transtimulation phenomenon, thus indicating that an
organic cation: organic cation antiporter mechanism may be operating.

Another study on Caco-2 cells showed that thiamine was able to
decrease MPP+ uptake on these cells, and the involvement of OCT3
on thiamine uptake by these cells was suggested (Calhau et al.,
2003). Further, it was also concluded that this effect may be direct
(as thiamine may be an OCT3 substrate) or indirect (through activa-
tion of ecto-ALP) (Calhau et al., 2003).

The modest inhibition of 3H-thiamine uptake observed when a
high concentration of cold thiamine (100 μM) was tested could result
from: (1) the low affinity of hOCTs in relation to thiamine; (2) the
presence of a component of thiamine uptake which is mediated by
a hOCT-independent mechanism, probably corresponding to non-
specific transport of thiamine.

In the present work, we also investigated regulation of thiamine
transport in Caco-2 cells by phosphorylation/dephosphorylation pro-
cesses. DB-AMPc, a PKA activator, vanadate, a protein tyrosine phospha-
tase (PTP) inhibitor, and levamisole, an alkaline phosphatase inhibitor,
were tested. All of these substances significantly inhibited thiamine
transport. These data confirm that phosphorylation/dephosphorylation
mechanisms play an important role in regulation on apical uptake of
thiamine in Caco-2 cells, as Said et al. (1999) already verified that thia-
mine uptake by Caco-2 was dependent on Ca2+/calmodulin. In the pre-
sent work, we further extend this conclusion by showing that it is also
dependent on PKA, protein tyrosine phosphatase and alkaline phospha-
tase. Comparison of our results with previous results on 3H-T+ uptake in
Caco-2 cells (Said et al., 1999) and 3H-MPP+ uptake in Caco-2 cells
(OCT1- andOCT3-mediated; (Martel et al., 2002)) gives some interesting
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results. Neither [3H]-T+ nor [3H]-MPP+ uptake were affected by a pro-
tein tyrosine kinase inhibitor, although a PTP inhibitor reduced [3H]-T+

uptake in the present work (Martel et al., 2002; Said et al., 1999), and
[3H]-MPP+ uptake was reduced by a PKC inhibitor (Martel et al.,
2002). Overall, these data do not allow us to exclude the involvement
of either the thiamine specific transporters (ThTr1 and /or ThTr2) or
OCTs in [3H]-T+ uptake by Caco-2 cells (Hayeshi et al., 2008; Seithel et
al., 2006). Affinity of these transporters for thiamine is probably different
having ThTr1 and 2 higher affinities for thiamine than OCTs. However,
the high concentrations of [3H]-T+ used in this study (400 nM) provided
the conditions to prove the involvement of OCTs.

Finally, it was also observed that progesterone inhibited thiamine
uptake. Interestingly enough, progesterone is an inhibitor of OCT1,
OCT2 and OCT3 (Koepsell et al., 2007), which is in agreement with the
hypothesis of an OCT involvement in intestinal thiamine uptake. P-
glycoprotein (P-gp) is an extrusion transporter on the apical membrane
of enterocytes. Because progesterone is also a P-gp inhibitor, the involve-
ment of this transporter on thiamine handling by the cells could be also
suggested. However, the effect of progesterone does not seem to be over
P-gp, because inhibition of P-gp would be expected to cause an increase
in the accumulation of thiamine in the cells, which was not the case.

5. Conclusion

Our results are compatible with the possibility of thiamine being
transported not only by ThTr1 and/or ThTr2, but also by members of
the OCT family of transporters (most probably OCT1 and/or OCT3),
thus sharing the same transporters with several other organic cations
at the small intestinal level. The hypothesis of thiamine being trans-
ported by OCT family members is supported by the following data: i)
pH-dependence characteristics of [3H]-T+ uptake by Caco-2 cells are
consistent with a T+/H+ cotransport, which is not the proposed mech-
anism of either ThTr1- and ThTr1-mediated transport; ii) some organic
cations known as OCT substrates/inhibitors (MPP+, decynium22, cloni-
dine, dopamine, serotonin) inhibited [3H]-T+ uptake; iii) the OCT inhib-
itor progesterone inhibited [3H]-T+ uptake. Moreover, the existence of
OCT-mediated thiamine uptake in Caco-2 cells would also explain the
previous two observations: i) a significant reduction in organic cation
uptake in Caco-2 cells produced by thiamine (Calhau et al., 2003); and
(ii) cells transfected with EMT were able to inhibit thiamine transport
(Dutta et al., 1999). Finally, the involvement also of OCT transporters
in the intestinal absorption of thiamine, apart from ThTr1 and ThTr2,
would explain the inconsistency between pharmacological studies that
reveal a great capacity of the intestine to transport thiamine andmolec-
ular biology studies in which the presence of ThTr1 in the intestinal ep-
ithelia would not be significant and would be insufficient to explain this
tissue ability to transport this vitamin (Rindi and Laforenza, 2000).
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