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Retinal abnormality and visual disturbances occur in thiamine-responsive megaloblastic

anaemia (TRMA), an autosomal recessive disorder caused by mutations in the human thiamine

transporter-1 (hTHTR-1). Human retinal pigment epithelial cells play a pivotal role in supplying

thiamine to the highly metabolically active retina but nothing is known about the mechanism,

regulation or biological processes involved in thiamine transport in these cells. To address these

issues, we used human-derived retinal pigment epithelial ARPE-19 cells to characterize the

thiamine uptake process. Thiamine uptake is energy- and temperature-dependent, pH-sensitive,

Na+-independent, saturable at both the nanomolar (apparent K m, 30 ± 5 nM) and the

micromolar (apparent K m, 1.72 ± 0.3 μM) concentration ranges, specific for thiamine and

sensitive to sulfhydryl group inhibition. The diuretic amiloride caused a concentration-

dependent inhibition in thiamine uptake, whereas the anti-trypanosomal drug, melarsoprol,

failed to affect the uptake process. Both hTHTR-1 and hTHTR-2 are expressed in ARPE-19 cells

as well as in native human retinal tissue with expression of the former being significantly higher

than that of the latter. Uptake of thiamine was adaptively regulated by extracellular substrate

level via transcriptionally mediated mechanisms that involve both hTHTR-1 and hTHTR-2; it

was also regulated by an intracellular Ca2+–calmodulin-mediated pathway. Confocal imaging of

living ARPE-19 cells expressing TRMA-associated hTHTR-1 mutants (D93H, S143F and G172D)

showed various expression phenotypes. These results demonstrate for the first time the existence

of a specialized and regulated uptake process for thiamine in a cellular model of human retinal

pigment epithelia that involves hTHTR-1 and hTHTR-2. Further, clinically relevant mutations

in hTHTR-1 lead to impaired cell surface expression or function of the transporter in retinal

epithelial ARPE-19 cells.
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The retinal pigment epithelium is part of the blood–retinal
barrier and plays an important role in the delivery of
nutrients to the highly differentiated and metabolically
active retina (Pow, 2001; Philp et al. 2003). Cells of this
epithelium form a single layer that is located between the
choriocapilliaris and the retina, and thus, impairment in
the nutrient transport function of these cells may adversely
affect the retina. Like all other cells of the body, cells
of the retina cannot synthesize the water-soluble vitamin
B1 (thiamine), and must obtain the micronutrient from
exogenous sources. The importance of thiamine (in its
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pyrophosphate form) for cellular functions stems from the
role it plays as a cofactor for transketolase, α-ketoglutarate
dehydrogenease and pyruvate dehydrogenase, enzymes
important in carbohydrate metabolism. Further, because
thiamine bridges the glycolytic and the pentose phosphate
metabolic pathway that is critical for creating chemical
reducing power in cells, the vitamin is also considered
as having a role in reducing oxidative stress (Calingasan
et al. 1996, 1997; Frederikse et al. 1999). Thus, low
intracellular levels of thiamine will lead to impairment in
energy metabolism and a propensity for oxidative injury.
In addition, a reduction in intracellular thiamine has
been shown to lead to apoptotic cell death (Stagg et al.
1999). Clinically, thiamine deficiency (which occurs in
disease conditions such as alcoholism, diabetes mellitus
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Table 1. Gene-specific primers used for generating mutations in SLC19A2

Amino acid Forward and reverse primers 5′–3′

hTHTR-1 CCGCTCGAGATGGATGTGCCCGGCC
CGGGATCCTGAAGTGGTTACTTGAGAACT

D93H GTTTCCTGTGTTCCTTGCCACACACTACCTCCGTTATAAAC
GTTTATAACGGAGGTAGTGTGTGGCAAGGAACACAGGAAAC

S143F ATTGCCTATTACTTTTATATCTACAGTGTGGTGGACCTGGGC
GCCCAGGTCCACCACACTGTAGATATAAAAGTAATAGGCAAT

G172D GGTGGGCTTTACAGTGGACTCTGTCCTAGGGCAAATCC
GGATTTGCCCTAGGACAGAGTCCACTGTAAAGCCCACC

The table shows the required nucleotide changes in forward and reverse
primers (bold face) used for generation of point mutations. Restriction sites
for XhoI (italics) and BamHI (underlined) were incorporate into the SLC19A2
primer to aid subcloning into the GFP–N3 vector.

and coeliac disease; Leevy & Baker, 1968; Tomasulo
et al. 1968; Saito et al. 1987; Victor et al. 1989;
Tallaksen et al. 1992) leads to a plethora of abnormalities
that include cardiovascular and neurological disorders
(Victor et al. 1989; Tanphaichirt, 1994; Berdanier, 1998).
Impaired cellular thiamine accumulation that occurs
in the autosomal recessive disorder thiamine-responsive
megaloblastic anaemia (TRMA), leads to (among other
things) abnormalities in the retina and visual disturbances
(Raz et al. 2000; Meire et al. 2000; Scharfe et al.
2000). TRMA is caused by mutational defects in
the human thiamine transporter-1 (hTHTR-1) (see
below). In contrast to the negative effects that thiamine
deficiency causes in occular (and other) tissues, thiamine
supplementation appears to be of potential benefit in
preventing diabetic retinopathy (Hammes et al. 2003).

How cells obtain thiamine from their surrounding
environment has been the subject of great interest
over the past two decades. Two specific thiamine
uptake systems have been identified, namely the human
thiamine transporter-1 and -2 (hTHTR-1 and hTHTR-2,
the products of the SLC19A2 and SLC19A3 genes,
respectively), and are believed to play important roles in
thiamine import to and across cells (Diaz et al. 1999; Dutta
et al. 1999; Fleming et al. 1999; Labay et al. 1999; Eudy
et al. 2000; Rajgopal et al. 2001; Said et al. 2004). The
pattern of expression of these two thiamine transporters,
their regulation, and the degree to which they contribute
to cellular thiamine uptake, show some level of tissue
specificity (Diaz et al. 1999; Fleming et al. 1999; Labay
et al. 1999; Eudy et al. 2000; Reidling et al. 2002; Said
et al. 2004). However, the mechanism by which retinal
pigment epithelial cells transport thiamine and whether
the process is regulated by intracellular and extracellular
factors is not known. Addressing these issues is important
from a physiological and nutritional prospective, and
informative regarding the understanding of pathological
disorders encountered in TRMA. Therefore, we used the
human-derived retinal pigment epithelial (ARPE-19) cell

line, as well as native human retina in our investigations
towards this goal. Our choice of this cell line was based on
the proven similarities between this and cell lines of the
native human retinal pigment epithelial (hRPE), and its
demonstrated suitability for physiological investigations
that resulted in similar findings to those occurring in vivo
(Dunn et al. 1996; Aukunuru et al. 2001; Busik et al. 2002).
Results of our investigations showed for the first time the
existence of a specialized uptake process for thiamine that is
pH-dependent, Na+-independent and involves the activity
of both hTHTR-1 and hTHTR-2. The results also showed
the process to be adaptively regulated by the prevailing
substrate level (via what appears to be a transcriptionally
mediated mechanism that involves both hTHTR-1 and
hTHTR-2), and by an intracellular Ca2+–calmodulin
(CaM)-mediated pathway. Finally, our investigations also
resolved the cellular targeting in ARPE-19 cells of three
hTHTR-1 mutations found in TRMA patients.

Methods

Materials

Green fluorescent protein vector (GFP-N3) and human
retinal RNA were obtained from Clontech (Palo Alto,
CA, USA). ARPE-19 cell line was obtained from ATCC
(Manassas, VA, USA). DNA oligonucleotide primers
(Table 1) were from Sigma Genosys (Woodlands, TX,
USA). [3H]-Thiamine (specific activity, 10 Ci mmol−1;
radiochemical purity, > 98%) was obtained from
American Radiolabeled Company (ARC) (St Louis, MO,
USA). Unlabelled thiamine, and all other biochemicals
and molecular biology reagents were purchased from
commercial sources and were of analytical grade.
Melarsoprol (Mel B) and melarsenoxide (Mel Ox) were
kindly provided by Dr Reta Brun of the Swiss Tropical
Institute, Basel, Switzerland. Mel B (90 mmol l−1) was
dissolved in propylene glycol and Mel Ox (25 mmol l−1)
in dimethyl sulfoxide (DMSO) as stock solutions.
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Cell culture, uptake assays and transient transfection

ARPE-19 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 1 μm thiamine.
Medium was supplemented with 10% fetal bovine
serum (FBS), glutamine (0.29 g l−1), sodium bicarbonate
(3.7 g l−1), penicillin (100 000 units l−1) and streptomycin
(10 mg l−1). Routine [3H]-thiamine uptake assay
was performed on confluent monolayers (3–4 days
after confluence) of ARPE-19 cells grown on solid
support according to a previously established procedure
(Aukunuru et al. 2001; Busik et al. 2002; Said et al.
2005). To determine the functionality of hTHTR-1
clinical mutants, ARPE-19 cells were transiently
transfected with hTHTR-1–GFP, hTHTR-1[D93H]–GFP,
hTHTR-1[S143F]–GFP, hTHTR-1[G172D]–GFP and
GFP vector alone. Uptake assay was performed after
24 h. Protein concentrations were estimated in parallel
wells using a protein assay kit (Bio-Rad, CA, USA). For
imaging transient transfection, cells were grown on sterile
glass-bottomed Petri dishes (MatTek, MA, USA) and
transfected at 90% confluency with 2 μg plasmid DNA
using Lipofectamine 2000 (Invitrogen, CA, USA). After
24 h, cells were analysed by confocal microscopy.

In the studies to investigate the effect of growing
the ARPE-19 cells in the presence of different
exogenous thiamine levels on [3H]-thiamine uptake
and related parameters, the cells were grown for
5 days in custom-made thiamine-deficient DMEM (Life
Technologies Inc., MD, USA) supplemented with 2.5%
dialysed FBS (Hyclone). Various levels of thiamine were
then added to the culture medium as specified. To
determine the degree of thiamine metabolism after uptake
by ARPE-19 cells, a thin-layer chromatography (TLC)
procedure employing cellulose gel-precoated plates and
a solvent system of isopropanol/0.5 m acetate buffer
(pH 4.5)/water (65/15/20, v/v/v) was used as previously
described (Said et al. 2001).

Semiquantitative and real-time PCR analysis

Total RNA (5 μg) was isolated from ARPE-19 cells
and primed with oligo-dT primers to synthesize first
strand cDNA (Superscript; first strand synthesis RT-
PCR kit, Invitrogen). To amplify the coding region
of hTHTR-1, hTHTR-2 and β-actin, we used the
following gene specific primers for semiquantitative PCR
primers: hTHTR-1: forward, 5′-GCGTCGACGCCAGT-
GGCCTTGGATTA-3′; reverse, 5′-CGGGATCCTGAA-
GTGGTTACTTGAGAACT-3′; hTHTR-2: forward,
5′-GCGTCGACCAGAGAGGGCTCAACT-3′; reverse, 5′-
CGGGATCCGAGTTTTGTTGACATGATGATATTAC-3′;
β-actin: forward, 5′-TTGTAACCAACTGGGACGATAT-
GG-3′; reverse, 5′-GATCTTGATCTTCATGGTGCTAGG-
3′, and real-time PCR primers: hTHTR-1: forward,

5′-AGCCAGACCGTCTCCTTGTA-3′; reverse, 5′-TAGA-
GAGGGCCCACCACAC-3′; hTHTR-2: forward, 5′-TTC-
CTGGATTTACCCCACTG-3′; reverse, 5′-GTATGTCC-
AAACGGGGAAGA-3′; β-actin: forward, 5′-CATCCT-
GCGTCTGGACCT-3′, reverse, 5′-TAATGTCACG-
CACGATTTCC-3′. Real-time PCR conditions were as
previously described (Said et al. 2004; Reidling et al.
2006) and data were normalized to β-actin, and then
quantified using a relative relationship method supplied
by the iCycles manufacture (Bio-Rad). The sample with
the lowest expression level is assigned an arbitrary value of
one and the levels of the rest of the samples are expressed
relative to the expression level above that sample. Each
unit a given gene is expressed above the basal sample
indicates a doubling of the expression level (Livak &
Schmittgen, 2001; Reidling et al. 2006).

Analysis of hTHTR-1 and hTHTR-2 expression in
ARPE-19 cells by Western blotting

Membranous fractions from ARPE-19 cells were iso-
lated by mechanical homogenization of cells in a buffer
containing (mm): mannitol 300, EGTA 5 and Tris-HCl
12, and a cocktail of protease inhibitors (Boehringer
Manheim, NJ, USA). Western blot analysis was performed
as we previously described using specific anti-hTHTR-1
and anti-hTHTR-2 polyclonal antibodies (Said et al. 2001,
2004). Blots were striped and reprobed with anti β-actin
antibodies (Santa Cruz, CA, USA) to normalize data for
sample loading.

Determination of hTHTR-1 and hTHTR-2 promoter
activity: transient transfection and luciferase assay

We have previously described the full-length hTHTR-1
and hTHTR-2 promoters fused to luciferase (Reidling
& Said, 2003; Nabokina & Said, 2004). ARPE-19 cells
were cotransfected with Lipofectamine 2000 at ∼75%
confluency with 2 μg of either full-length hTHTR-1 or
hTHTR-2 reporter gene construct along with 100 ng
of the pRL-TK (Renilla luciferase-thymidine kinase)
(Promega) to normalize for transfection efficiency.
Cell lysates were then prepared from cells 48 h after
transfection, and luciferase activity was determined as
previously described (Reidling & Said, 2003; Subramanian
et al. 2003a; Nabokina & Said, 2004). Data are presented as
fold increase in expression over pGL3 basic expression set
arbitrarily at 1 as previously described (Reidling & Said,
2003; Subramanian et al. 2003a; Nabokina & Said, 2004).

Generation of hTHTR-1–GFP mutants and confocal
imaging of live ARPE-19 cells

The QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA, USA) was used to introduce
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insertions or deletions of nucleotides into the open
reading frame of hTHTR-1 (the product of SLC19A2
gene). The hTHTR-1–GFP fusion protein was constructed
by performing PCR using gene-specific primers (Table 1).
PCR products and the GFP–N3 vector were digested with
XhoI and BamHI restriction enzymes and the products
were isolated from the gel and ligated to generate an
in-frame fusion protein (hTHTR-1–GFP), with GFP
fused to the C-terminus of hTHTR-1, as previously
described (Subramanian et al. 2003b). Paired sense- and
anti-sense primer oligonucleotides encompassing the
specified mutation sites (Table 1), as well as a plasmid
containing hTHTR-1 fused to GFP–N3 were used as a
template for PCR mutagenesis. Nucleotide changes in all
constructs were confirmed by sequencing (Laragen, Los
Angeles, CA, USA).
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Figure 1. Time-dependent uptake of thiamine by confluent
monolayers of ARPE-19 cells
ARPE-19 cells were incubated at 37◦C in Krebs–Ringer solution
(pH 7.4) for 0–10 min in the presence of 15 nM (A) and 5 μM (B)
thiamine. Values are means ± S.E.M. of n = 3–4 separate uptake
determinations. Note, in all figures when not apparent, the error bars
are smaller than the symbol.

For confocal imaging of clinically relevant hTHTR-1
mutants in ARPE-19 cells, cell monolayers grown on
coverslip-fixed Petri dishes were imaged for construct
expression using a Nikon C-1 confocal scanner head
attached to a Nikon inverted phase-contrast microscope.
Fluorophores were excited using the 488 nm line from an
argon ion laser, and emitted fluorescence was monitored
with a 530 ± 20 nm band pass (GFP).

Data presentation and statistical analysis

All uptake determinations are the results of at least
three separate determinations and are expressed as
means ± s.e.m. in pmol or fmol per mg protein per unit
time. Comparison was made relative to simultaneously
performed controls using ANOVA or Student’s t test
(unpaired), with a significant P value set at < 0.05. Kinetic
parameters of the saturable component of thiamine uptake
were determined by subtracting the diffusing component
(calculated from the slope of the line between uptake at
by a pharmacological concentration of 500 μm and the
point of origin, i.e. multiplication of the slope by individual
concentration) from total uptake; data were then applied to
a computerized model of the Michaelis–Menten equation
as previously described (Wilkinson, 1961). Confocal
imaging, real-time PCR, semiquantitative RT-PCR and
Western blot analyses were performed and promoter
activities were determined on at least three separate
occasions.

Results

Overall characteristics of the thiamine uptake process
by ARPE-19 cells: time course, effect of incubation
temperature, pH and Na+

Thiamine uptake by ARPE-19 cells was linear with time
during 10 min incubation (rate, 220 fmol (mg protein)−1

and 13.5 pmol (mg protein)−1 for 15 nm and 5 μm,
respectively; r = 0.99 for both; Fig. 1). The metabolic form
of the radioactivity taken up by the confluent ARPE-19
cells following incubation for 10 min with [3H]-thiamine
(40 nm) was found (by cellulose-precoated TLC plates; see
Methods) to be (95%) in the form of intact thiamine.

The initial rate of uptake of thiamine (15 nm) varied
with pH (Fig. 2). The highest uptake was observed over
a pH range of 7.5–8. Isosmotic replacement of Na+

by Li+ or mannitol did not affect the initial rate of
thiamine (15 nm) uptake (153 ± 3.0, 149 ± 0.5 and 148 ±
1.0 fmol (mg protein)−1 (7 min)−1 in the presence of Na+,
Li+ and mannitol, respectively). Pre-treating ARPE-19
monolayers (for 30 min at 37◦C) with 1 mm ouabain (a
Na+–K+-ATPase inhibitor) did not significantly affect the
initial rate of thiamine (15 nm) uptake (157 ± 6.1 and
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145 ± 3.3 fmol (mg protein)−1 (7 min)−1 in the presence
and absence of ouabain, respectively). Finally, uptake of
thiamine (15 nm) was temperature dependent (153 ± 4.0,
73 ± 5.0 and 28 ± 1.7 fmol (mg protein)−1 (7 min)−1 at
37◦C, 22◦C and 4◦C, respectively).

Involvement of saturable processes in thiamine
uptake by ARPE-19 monolayers

The initial rate of thiamine uptake as a function of
concentration was examined over nanomolar (15–50 nm)
and micromolar (0.1–10 μm) concentration ranges.
Evidence for saturable uptake was observed for both
concentration ranges (Fig. 3A and B). Kinetic parameters
of both saturable components were determined as stated
in the Methods. The apparent K m and V max of the
saturable process in the nanomolar range were 30 ± 5 nm

and 260 ± 21 fmol (mg protein)−1 (7 min)−1, respectively,
and in the micromolar range were 1.72 ± 0.3 μm and
9.3 ± 0.8 pmol (mg protein)−1 (7 min)−1, respectively.
This suggested that the thiamine uptake process of
ARPE-19 cells is carrier-mediated. To confirm this, we
also examined the effect of unlabelled thiamine and that
of its structural analogues amprolium, benfotiamine
and oxythiamine (all at 10 μm) on the initial rate of
[3H]-thiamine (2 μm) uptake. Unlabelled thiamine caused
significant (P < 0.01) inhibition of [3H]-thiamine uptake
(18.3 ± 1 and 6.4 ± 0.03 pmol (mg protein)−1 (7 min)−1

in controls and in the presence of unlabelled thiamine,
respectively); similarly, the thiamine analogues
caused significant (P < 0.01 for all) inhibition of
[3H]-thiamine uptake (19.2 ± 1, 7.5 ± 0.2, 8.7 ± 0.1
and 8.6 ± 0.3 pmol (mg protein)−1 (7 min)−1 in controls
and in the presence of amprolium, benfotiamine
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Figure 2. Effect of incubation buffer pH on thiamine uptake by
confluent monolayers of ARPE-19 cells
ARPE-19 cells were incubated at 37◦C for 7 min in Krebs–Ringer
buffer at pH 5.0–8.0. [3H]-Thiamine (15 nM) was added at the onset of
incubation. Data are means ± S.E.M. of n = 3–4 separate uptake
determinations.

and oxythiamine, respectively). No effect of biotin
(1 mm) and the organic cations tetraethylammonium
(TEA) and N-methylnicotinamide (NMN) (both at
100 μm) were observed on the uptake of [3H]-thiamine
(15 nm) (155 ± 7.0, 156 ± 2.0, 152 ± 2.3 and
154 ± 2.0 fmol (mg protein)−1 (7 min)−1 in controls and
in the presence of biotin, TEA and NMA, respectively).

We also tested possible trans-stimulation of
[3H]-thiamine transport across the ARPE-19 cell
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Figure 3. Uptake of thiamine by confluent monolayers of
ARPE-19 cells as a function of nanomolar and micromolar
concentrations
ARPE-19 cells were incubated at 37◦C for 7 min in Krebs–Ringer
solution at pH 7.4 in the presence of nanomolar (15–50 nM; A) and
micromolar (1–10 μM; B) concentrations of thiamine. Uptake plots
shown are those of the saturable components calculated as described
in the text. Values are means ± S.E.M. of n = 3–4 separate uptake
determinations.
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membrane by unlabelled thiamine. Here we first
preloaded the cells with 15 nm [3H]-thiamine (for 10 min
at 37◦C) then incubated the cells (for 10 min) in the
presence and absence of 100 μm unlabelled thiamine in
the incubation buffer. The results showed the cellular
content of 3H radioactivity to be significantly (P < 0.01)
lower in ARPE-19 cells incubated in the presence of
unlabelled thiamine compared to those incubated in its
absence (cell content of 3H radioactivity was 78.7 ± 1.6
and 112 ± 2.0 fmol (mg protein)−1, respectively).

Effect of pharmacological agents and sulfhydryl
group inhibitor on thiamine uptake by ARPE-19 cells

The diuretic amiloride, and the anti-trypanosomal drug
melarsoprol and its metabolite melarsenoxide have been
reported to inhibit thiamine transport in certain human
cell types as well as in yeast and bacteria (Said et al. 1999,
2001; Schweingruber, 2004; Szyniarowski et al. 2006). For
this reason we examined the effect of these compounds
on initial rate of thiamine uptake by ARPE-19 cells.
Amiloride was found to cause a concentration-dependent
inhibition of thiamine uptake (157 ± 7.1, 90.6 ± 3.4,
55.8 ± 1.7 and 38.9 ± 1.2 fmol (mg protein)−1 (7 min)−1

for control and in the presence of 0.1, 0.5 and
1 mm amiloride, respectively). On the other hand,
neither melarsoprol nor melarsenoxide (each at
150 μm) showed an effect (119 ± 3.8, 115 ± 6.7 and
120 ± 4 fmol (mg protein)−1 (7 min)−1 for control and
in the presence of melarsoprol and melarsenoxide,
respectively) on thiamine uptake by ARPE-19 cells.

The effect of pretreating (for 30 min) the
ARPE-19 cells with the sulfhydryl group inhibitor
p-chloromercuriphenyl sulphonate (p-CMPS, 0.05 mm)
on the initial rate of thiamine (15 nm) uptake was
also tested. The results showed significant (P < 0.01)
inhibition of thiamine uptake by p-CMPS (143 ± 2.3
and 75.3 ± 0.7 fmol (mg protein)−1 (7 min)−1 for control
and p-CMPS pretreated cells, respectively). Further
treating the p-CMPS-treated ARPE-19 cells with 10 mm

of the reducing agent dithiothreitol (DTT) led to a
significant (P < 0.05) reversal of the inhibitory effect
of pCMPS on thiamine uptake (143 ± 2.3, 75.3 ± 0.7
and 102.2 ± 1.7 fmol (mg protein)−1 (7 min)−1 for
control, p-CMPS and p-CMPS plus DTT-treated cells,
respectively).

Expression of the hTHTR-1 and hTHTR-2 in ARPE-19
cells and in native human retina

Expression of the hTHTR-1 and hTHTR-2 at the RNA level
was examined by means of semiquantitative and real-time
PCR techniques. The semiquantitative RT-PCR (described
in the Methods) showed clear expression of hTHTR-1

and hTHTR-2 in ARPE-19 cells (Fig. 4A). The two
transporters are also expressed in native human retinal
tissue (Fig. 4A). We also more accurately quantified the
relative level of mRNA expression of hTHTR-1 and
hTHTR-2 in ARPE-19 cells (Fig. 4B) and native human
retina (Fig. 4C) using real-time PCR (see Methods) and
found the level of expression of the hTHTR-1 to be
significantly (P < 0.01) higher than the level of expression
of hTHTR-2 (Fig. 4B and C). Expression of the hTHTR-1
and hTHTR-2 at the protein level in ARPE-19 cells was
also determined by means of Western blot analysis (see
Methods) with the results showing expression of both
transporters. The level of hTHTR-1 protein, however,
was significantly (P < 0.05) higher than that of hTHTR-2
(Fig. 4D). We also tested the relative activity of the
SLC19A2 and SLC19A3 promoters in ARPE-19 cells (see
Methods). Activity of both promoters was found to be
significantly higher than that of pGL3 basic (∼280-
and ∼4-fold, for SLC19A2 and SLC19A3 promoters,
respectively). Relative activity of the SLC19A2 promoter
was found to be significantly (P < 0.01) higher than that
of the SLC19A3 promoter (Fig. 4E).

Regulation of the thiamine uptake process of
ARPE-19 cells by extracellular thiamine level and by
intracellular regulatory pathways

Effect of extracellular thiamine levels. The effect of
maintaining the ARPE-19 cells in growth medium
(for 5 days) containing specific levels of thiamine
(1 nm and 1, 12 and 100 μm) on the initial rate
of uptake of [3H]-thiamine (15 nm) was examined.
The results showed [3H]-thiamine uptake to be
inversely correlated with the level of thiamine in
the growth medium (181 ± 6, 125 ± 2, 113 ± 3 and
94 ± 2 fmol (mg protein)−1 (7 min)−1 in the presence of
1 nm and 1, 12 and 100 μm thiamine, respectively). Uptake
of the unrelated biotin, however, was similar in cells grown
in the presence of 1 nm and 12 μm thiamine (161 ± 8 and
170 ± 1 fmol (mg protein)−1 (7 min)−1, respectively). To
determine whether extracellular thiamine concentrations
affect the level of expression of the hTHTR-1 and
hTHTR-2 at the mRNA and protein levels, we performed
real-time PCR and Western blotting, respectively, on
samples obtained from cells grown in the presence of
1 nm and 12 μm thiamine. The results showed a significant
(P < 0.05) increase in the steady-state mRNA (Fig. 5A
and B) and protein levels (Fig. 5C and D) of both the
hTHTR-1 and hTHTR-2 in ARPE-19 cells grown in the
presence of 1 nm thiamine compared to those grown
in the presence of 12 μm thiamine. We also tested the
effect of growing the ARPE-19 cells in the presence of
1 nm and 12 μm thiamine on activity of the full-length
SLC19A2 and SLC19A3 promoters. The results showed
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significantly (P < 0.05) higher SLC19A2 (Fig. 5E) and
SLC19A3 (Fig. 5F) promoter activities in cells grown in
the presence of 1 nm compared to those grown in the
presence of 12 μm thiamine.

Role of intracellular signalling pathways. We examined
the possible involvement of a number of intracellular
signalling regulatory mechanisms (Ca2+–CaM, protein
kinase C (PKC), protein kinase A (PKA), protein
tyrosine kinase (PTK) and nitric oxide (NO)) in
regulating thiamine uptake by ARPE-19 cells. The
role of the Ca2+–CaM-mediated pathway in the
regulation of thiamine uptake by ARPE-19 cells
was tested by examining the effect of pretreating
confluent ARPE-19 cells (for 1 h) with three different
modulators of the Ca2+–CaM- mediated pathways, namely
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Figure 4. Expression of hTHTR-1 and hTHTR-2 in ARPE-19 cells at the mRNA and protein levels and on
activity of SLC19A2 and SLC19A3 promoters
Semiquantitative RT-PCR products from ARPE-19 cells and native human retina for hTHTR-1 and hTHTR-2 mRNA
levels were analysed on an agarose gel as described in the Methods. Data shown are representative of three separate
sets of experiments (A). Real-time quantitative PCR of hTHTR-1 and hTHTR-2 mRNA levels in ARPE-19 cells (B) and
native human retina (C). Data are from at least three independent sets of experiments and normalized against
β-actin and then quantified using a relative relationship method supplied by the iCycles manufacturer (Bio-Rad, CA,
USA) and as described in the Methods. Western blot analysis was performed using 150 μg membranous fractions
of ARPE-19 cells and specific polyclonal antibodies against hTHTR-1 and hTHTR-2 (D). SLC19A2 and SLC19A3
promoter-luciferase activity was determined in ARPE-19 cells as described in the Methods. Values presented are
means ± S.E.M. of three separate determinations performed on different occasions and are expressed as luciferase
acivity of each construct over the promoter-less vector pGL3 basic following transient transfection into ARPE-19
cells. To account for transfection efficiency, Firefly luciferase activity was normalized relative to the activity of
simultaneously transfected Renilla luciferase (D).

calmidazolium, trifluoperazine (TFP) and 1-[N, O-bis
(5-isoquinolinesulphonyl)-N-methyl-l-tyrosyl]-4-phenyl
piperazine (KN-62) on the initial rate of [3H]-thiamine
(15 nm) uptake. All inhibitors tested were found
to cause significant (P < 0.01) inhibition of
thiamine uptake (124 ± 3, 64.6 ± 2, 75 ± 3.8 and
48 ± 2 fmol (mg protein)−1 (7 min)−1 for control and
in the presence 10 μm calmidazolium, 25 μm TFP and
10 μm KN-62, respectively).

No role for the PKC-mediated pathway in the regulation
of thiamine uptake by ARPE-19 cells was evident as uptake
of thiamine (15 nm) was not affected by pretreatment
with modulators of this pathway (116 ± 3.8, 106 ± 0.34,
112 ± 3.9 and 114 ± 10.2 fmol (mg protein)−1 (7 min)−1

for control and in cells pretreated with (all 10 μm)
phorbol 12-myristate 13-acetate, staurosporin and
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chelerythrine, respectively). Similarly no role for the
PKA-mediated pathway was evident as modulators of
this pathway also failed to significantly affect thiamine
uptake by ARPE-19 cells (123 ± 2.6, 118 ± 3.7 and
120 ± 3.2 fmol (mg protein)−1 (7 min)−1 for control and
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Figure 5. Effect of thiamine deficiency on hTHTR-1 and hTHTR-2 mRNA and protein levels and on activity
of SLC19A2 and SLC19A3 promoters in ARPE-19 cells
Real-time PCR analysis of hTHTR-1 (A) and hTHTR-2 (B) mRNA levels in ARPE-19 cells grown under control (12 μM)
and thiamine deficient (1 nM) conditions. Data are from at least three independent sets of experiments and
normalized against β-actin and then quantified as described in the Methods. Western blot analysis of hTHTR-1
(C) (relative density of the bands were determined and are as follows: for hTHTR-1 the intensity was 946385
and 1100047 and for β-actin the intensity was 707596 and 32997 for control and thiamine-deficient cells,
respectively) and hTHTR-2 (D) proteins in membranous fractions of ARPE-19 cells grown under control (12 μM)
and thiamine-deficient (1 nM) conditions. Data shown are representative of three separate sets of experiments.
Activity of full-length SLC19A2 (E) and SLC19A3 (F) promoters in ARPE-19 cells grown in control (12 μM) and
thiamine-deficient (1 nM) conditions. Data are means ± S.E.M. of three separate determinations performed on
different occasions.

following pretreatment with 0.5 mm dibutyryl cAMP
or 8-bromo-cAMP, respectively). Similarly, no role for
the PTK-mediated pathway (as indicated by lack of
effect of modulators of this pathway –genistein and
tyrophospin A-25) or for the NO-mediated pathway (as
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indicated by lack of effect of modulators of this pathway
– S-nitrose-N-acetylpenicillamine, sodium nitroprusside
and 8-bromo cGMP) in the regulation of thiamine uptake
by ARPE-19 cells was observed (data not shown).

Imaging of hTHTR-1 mutants found in TRMA in ARPE-19
cells. TRMA is caused by mutations in hTHTR-1
and is associated with visual disturbances and retinal
abnormality (Fleming et al. 1999; Diaz et al. 1999; Labay
et al. 1999; Raz et al. 2000; Meire et al. 2000; Scharfe
et al. 2000). In the present study we resolved the cellular
localization of three clinically identified TRMA mutants
in hTHTR-1 (D93H, S143F and G172D) by generating
these mutants by means of site-directed mutagenesis
followed by their transfection individually into ARPE-19
cells and by performing live cell imaging of their cellular
distribution by means of confocal microscopy. The
results showed wild-type hTHTR-1–GFP protein to be
targeted predominantly to the plasma membrane; it was
also evident within a variety of intracellular vesicular
structures (Fig. 6A). The individual mutants, however,
showed different patterns of cellular expression (Fig. 6A).
The D93H and S143F mutants were also expressed at
the cell surface with a lower level of expression efficiency
than that of the wild-type (hTHTR-1). By contrast, the
G172D mutant was found to be completely retained within
the endoplasmic reticulum (Fig. 6A). Further, all mutants
showed significantly (P < 0.01) impaired functionality
when compared to wild-type hTHTR-1 following
transfection into ARPE-19 cells (Fig. 6B).

Discussion

In this study we investigated the thiamine uptake process
of hRPE using the ARPE-19 cell line as an in vitro model
system. This cell line possesses many of the structural and
physiological characteristics of hRPE in vivo and has been
extensively used in physiological investigations (Dunn
et al. 1996; Aukunuru et al. 2001; Busik et al. 2002; Philp
et al. 2003). Our aims in this study were: (i) to investigate
the physiological characteristics/mechanism of thiamine
uptake; (ii) to assess the expression of the hTHTR-1 and
hTHTR-2 in ARPE-19 and in native human retina; (iii) to
examine possible regulation of the thiamine uptake process
by extracellular and intracellular factors; and (iv) to study
the effect of specific clinically relevant hTHTR-1 mutations
on the expression of the hTHTR-1 transporter in live cells.
All these issues are discussed in turn below.

The physiological characteristics/mechanism
of the thiamine uptake process

Thiamine uptake by the ARPE-19 cells occurs without
metabolic alterations in the transported substrate, and the

initial rate of thiamine uptake is both temperature- and
energy-dependent in nature. Thiamine uptake was found
to be Na+-independent as replacing Na+ in the incubation
buffer or pretreating the cells with the Na+–K+-ATPase
inhibitor ouabain failed to affect thiamine uptake. Uptake
of thiamine, however, was pH-dependent and decreased
with a decrease in the incubation buffer pH from 7.4
to 5.0. These findings are similar to those reported
previously for thiamine uptake in epithelial cell types
where the thiamine uptake process was suggested to involve
a thiamine–H+-exchange mechanism (Rindi & Laforenza,
2000; Said et al. 2001).

The thiamine uptake process of the ARPE-19 cells
appears to involve two saturable systems, one being
functional in the nanomolar range with high affinity
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Figure 6. Distribution of individual clinically relevant
hTHTR-1–GFP mutations in ARPE-19 cells
A, representative of confocal lateral (xy) images showing localization of
individual mutant constructs in ARPE-19 cells, 24–48 h after transient
transfection. B, uptake of [3H]-thiamine in control, GFP, hTHTR-1–GFP,
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determinants performed on three different occasions.
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but low capacity, and the other being functional in
the micromolar range with lower affinity but higher
capacity. This may be a reflection of the functionality
of the hTHTR-2 and hTHTR-1 (both of which are
expressed in ARPE-19 cells), respectively. This is because
the apparent K m values of these thiamine transport
systems fall within the nanomolar and the micromolar
concentration ranges, respectively (Dutta et al. 1999;
Said et al. 2004). The ability of unlabelled thiamine and
its structural analogues amprolium, benfotiamine and
oxythiamine to inhibit the uptake of [3H]-thiamine further
confirms the carrier-mediated nature of the thiamine
uptake process of the ARPE-19 cells. Because uptake of
the cationic thiamine was not affected by the presence
of the unrelated organic cations TEA and NMN in the
incubation buffer, we conclude that the thiamine uptake
process in these cells is specific in nature. Finally the
ability of unlabelled thiamine in the incubation buffer
to stimulate [3H]-thiamine efflux from preloaded cells
further confirmed the carrier-mediated nature of the
uptake process.

We also examined the effect of the diuretic amiloride
(which inhibits thiamine uptake in other human epithelial
cells; Said et al. 1999, 2001; Ashokkumar et al. 2006)
and the anti-trypanosomal drug melarsoprol and its
metabolite melarsenoxide (which inhibit thiamine uptake
by neuroblastoma cells as well as by yeast and bacteria;
Schweingruber, 2004; Szyniarowski et al. 2006) on the
initial rate of thiamine (15 nm) uptake. The results
showed that whereas melarsoprol and melarsenoxide
do not affect thiamine uptake, amiloride causes a
concentration-dependent inhibition of thiamine uptake.
The former findings raise the possibility that the thiamine
uptake process exhibits different pharmacological
porperties in different cell types; the latter findings,
on the other hand, reveal another way in which
amiloride appears to interfere with thiamine transport
and points to the need for careful investigation of the
potential adverse effect of this pharmacological agent on
body/cellular thiamine homeostasis in vivo.

The uptake process of thiamine by ARPE-19 cells was
found for the first time to be sensitive to the inhibitory
effect of the SH group inhibitor p-CMPS. The ability of the
reducing agent DTT to significantly reverse the inhibitory
effect of p-CMPS on thiamine uptake by ARPE-19 cells
suggests possible involvement of such groups in the uptake
of thiamine.

Expression of hTHTR-1 and hTHTR-2 in ARPE-19 cells
and in native human retina

Previous studies have shown that the hTHTR-1 and
hTHTR-2 are differentially expressed in variety of tissues,
but their level of expression in the hRPE has not been tested

previously. This issue was addressed in this investigation
by means of semiquantitative, real-time PCR and Western
blotting with the results showing expression of both
carriers at both the mRNA and protein levels. Similarly,
the two thiamine transporters were found for the first
time to be expressed in native human retina. In both of
the above cases, expression of the hTHTR-1 was found
to be significantly higher than that of the hTHTR-2, a
scenario that has been seen previously in other human
epithelial cells (Said et al. 2004; Ashokkumar et al. 2006). It
is interesting that when activity of the full-length SLC19A2
and SLC19A3 promoters were examined in ARPE-19 cells,
activity of the former promoter was also found to be
significantly higher than that of the latter promoter, a
finding that is in line with the level of mRNA expression
of the two carriers.

Regulation of thiamine uptake

Possible regulation of the thiamine uptake process of
the ARPE-19 cells by extracellular and an intracellular
factors was also investigated in these studies. Performing
such investigations is physiologically important as such
factors affect nutrient/substrate transport in a cell-specific
manner (Traebert et al. 1999; Reidling & Said, 2005).
Studies on the effect of extracellular thiamine level showed
an inverse correlation between substrate uptake and its
prevailing level in the growth medium. Maintaining
ARPE-19 cells in a thiamine-deficient growth medium was
found to lead to a specific and significant up-regulation
of [3H]-thiamine uptake compared to cells grown in the
presence of high concentrations of thiamine. This
induction of thiamine uptake was found to be associated
with an increase in the level of expression of the hTHTR-1
and hTHTR-2 at the mRNA and protein levels as well
as in the level of activity of the SLC19A2 and SLC19A3
promoters in cells maintained in the thiamine-deficient
growth medium compared to those supplemented with
a high dose of thiamine. The latter observation suggests
the possible involvement of transcriptional regulatory
mechanism(s) in this adaptive regulation of the thiamine
uptake process in ARPE-19 cells. Further studies are
needed to delineate the cis- and trans-regulatory elements
that are responsible for mediating this adaptive response.

Investigating the possible role of specific intracellular
regulatory pathways in the regulation of the thiamine
uptake process of ARPE-19 cells has revealed that the PKC-,
PKA-, PTK- and NO-mediated pathways appear to have
no impact on thiamine uptake in ARPE-19 cells. However,
a possible role for a Ca2+–CaM-mediated intracellular
pathway appeared to exist. The latter conclusion is based
on the observations that modulators of this pathway cause
significant inhibition of thiamine uptake. It is interesting
that thiamine uptake by other epithelial cells also appears
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to be regulated by a Ca2+–CaM-mediated pathway (Said
et al. 1999; Ashokkumar et al. 2006), thus suggesting the
possible existence of a common intracellular mechanism
for regulating thiamine uptake in different cell types.
Further studies are needed to elucidate the molecular
mechanism(s) through which the Ca2+–CaM-mediated
intracellular pathway exerts its effect on thiamine uptake.

Clinical TRMA mutants

At least 16 distinct mutations in the hTHTR-1 have
been identified in TRMA patient, encompassing missense,
nonsense and frame-shift mutations (Raz et al. 2000;
Lagarde et al. 2004; Ricketts et al. 2006). In this study, we
report for the first time the cellular effects of three missense
mutations (D93H, S143F and G172D) on membrane
expression and functionality of the protein in living
ARPE-19 cells. The results showed different cellular
targeting phenotypes with mutants D93H and S143F
being expressed at the cell surface with a lower level of
expression efficiency than wild-type, and G172D mutant
exhibiting a completely impaired trafficking phenotype
with the protein being retained in the endoplasmic
reticulum in a manner analogous to that obtained with
clinical point mutations occurring within other nutrient
transporters (Martin et al. 1997; Stein et al. 2002).
Furthermore, all mutants displayed impaired thiamine
uptake.

From the discussion presented above, the question
may arise as to how mutations in hTHTR-1 in TRMA
patients lead to low thiamine supplies (and retinal
abnormalities and visual disturbances) knowing that RPE
cells can up-regulate hTHTR-2 when faced with thiamine
deficiency. The most likely explanation to this is that the
high metabolic rates of the retina and other ocular tissues
require them to need large amounts of thiamine that
could not be provided even by up-regulated hTHTR-2
in patients exhibiting impaired expression/activity of
hTHTR-1 (which as shown here is the dominant thiamine
transporter in retina).

In summary, our results characterized, for the first
time, the thiamine uptake process in ARPE-19 cells
and demonstrated the involvement of a specialized
carrier-mediated process. Both the hTHTR-1 and
hTHTR-2 were found to be expressed in ARPE-19
cells as well as in native human retina. The results
also show that the hRPE thiamine uptake process is
adaptively regulated by the extracellular thiamine level
via a mechanism that involves both the hTHTR-1 and
hTHTR-2; the uptake process also appears to be regulated
by an intracellular Ca2+–CaM-mediated pathway. Further,
clinically relevant mutations of the hTHTR-1 in TRMA
were found to impair cell surface expression or function
of the transporter in these cells, thus providing the

connecting link between transport physiology and disease
condition.
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