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Abstract

The objective of this research was to investigate the presence of a specialized carrier-mediated system for biotin and delineate uptake mechanism
and intracellular trafficking of biotin in the human derived retinoblastoma cell line (Y-79). Human derived retinoblastoma cell line, Y-79, was
used for uptake studies. Uptake of [3H]Biotin was determined at various concentrations, pH, temperatures, in the absence of sodium and in the
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resence of other vitamins and metabolic inhibitors to delineate the mechanism of uptake. Uptake was determined in the presence of various
ntracellular regulatory pathways (protein kinase A & C, protein tyrosine kinase and calcium-calmodulin) modulators. Reverse transcription
olymerase chain reaction (RT-PCR) was performed to confirm the molecular identity of human sodium-dependent multivitamin transporter
hSMVT). Uptake of [3H]Biotin in Y-79 cells were found to be saturable at micromolar concentration range, with apparent Km of 8.53 �M and
max of 14.12 pmol/min/mg protein, but linear at nanomolar concentration range. Uptake was sodium, pH, temperature and energy-dependent,
ut chloride independent; inhibited by the structural analogue desthiobiotin, pantothenic acid and lipoic acid at milimolar concentrations and not
t nanomolar concentrations. Uptake of [3H]Biotin was trans-stimulated by the intracellular biotin. Ca2+/calmodulin pathways appeared to play
mportant roles in the regulation of riboflavin uptake in Y-79 cells via significant reduction in Vmax (66%) and Km (28%) of the uptake process.

human sodium-dependant multivitamin transporter, hSMVT, was identified by RT-PCR in Y-79. These studies demonstrated for the first time
he existence of a human sodium dependant multivitamin transporter (hSMVT), a specialized carrier-mediated system for biotin uptake, in human
erived retinoblastoma cells.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Retinoblastoma is a relatively uncommon retinal tumor
rimarily diagnosed in the children (Donaldson, 1993). Sys-
emic chemotherapy has succeeded to certain extent in treating
etinoblastoma (Friedman et al., 2000; Shields et al., 2002).
he retina is a highly perfused tissue with a complex cellu-

ar organization. Drug delivery to the retina is a challenging
ask, particularly via the systemic route, due to the presence
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of a blood–retinal barrier (BRB) which regulates permeation
of molecules from blood to retina (Duvvuri et al., 2003). Vari-
ous nutrient transporters, such as peptide, amino acids, glucose,
folate, monocarboxylic acid, nucleoside and nucleobase, organic
anion and organic cation transporters have been reported to be
expressed on the retina and BRB (Lee, 2000). It may be possible
to utilize these transporters to enhance the retinal bioavailability
of various compounds (Duvvuri et al., 2003).

Biotin (Vitamin H), a water-soluble vitamin, plays a vital
role in intermediary metabolism, energy production, cell
differentiation and cell proliferation in the retina. It is also
known as coenzyme R, which acts as an essential coenzyme for
various carboxylases in pathways of gluconeogenesis, fatty acid
biosynthesis and catabolism of various odd-chain fatty acids
and branched chain amino acids (Manthey et al., 2002; Crisp
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et al., 2004). Recent studies have shown that biotin is involved
in the regulation of gene expression of specific membrane
transporters and in the regulation of the intracellular cGMP
(Said, 1999). Biotin deficiency has been reported to occur
in patients with inborn errors of biotin metabolism (Bonjour
et al., 1984; Sweetman and Nyhan, 1986; Dakshinamurti
and Chauhan, 1988), in patients on long-term therapy with
anticonvulsant agents (Krause et al., 1982, 1986) and in patients
on long-term parenteral nutrition (Mock et al., 1981; Low et al.,
1986). Biotinidase deficiency, a disorder of biotin metabolism,
results in optic neuropathy, senosorineural hearing loss, asthma,
dermatitis, alopecia and conjunctivitis and treatment with
biotin therapy achieved a rapid clinical improvement (Puertas
Bordallo et al., 2004). Recent studies have shown that in
developing retina, an adequate content of biotin and a precise
regulation of retinal cell death are required for the correct
morphogenesis of the eye.(Valenciano et al., 2002)

Despite its critical role in developing ocular tissues, the
molecular mechanism and regulation of biotin translocation into
the retina is not well understood. Although many studies have
focused on the mechanism of biotin uptake using various tissues
(intestine, liver, kidney, placenta, skin) and cell lines from sev-
eral species (human, rat, and rabbit), the process of intracellular
trafficking of biotin in the retina has not been clearly delin-
eated. Moreover, recent studies by Sinko et al. suggested that the
targeting approach utilizing transporters such as human sodium-
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biotin, lipoic acid, biocytin, valeric acid, folic acid, nico-
tinic acid, ascorbic acid, riboflavin, pyridoxine, sodium
azide, ouabain, 2,4-dinitrophenol, protein tyrosine kinase
(PTK) modulators (genistin and genistein), protein kinase
(PKC and PKA) pathways modulators (bisindolylymaleimide
I, phorbol-12-myristate-13-acetate, forskolin, and 3-isobutyl-
1-methylxanthine), calcium-calmodulin pathway modulators
(calmidazolium, KN-62 and trifluoperazine), choline chloride,
Triton X-100, HEPES, d-glucose and all other chemicals were
purchased from Sigma Chemical Co (St. Louis, MO). All chem-
icals were products of special reagent grade and used without
further purification.

2.2. Cell culture

Y-79 cells, obtained from American Type Culture Collections
(ATCC). Cells were incubated in 75 cm2 tissue culture flasks as
a suspension in RPMI 1640 medium supplemented with 15%
non-heat-inactivated fetal bovine serum, 1 mM glutamine, peni-
cillin (100 units/ml) and streptomycin (100 �g/ml) and were
maintained at 37 ◦C, in a humidified atmosphere of 5% CO2
and 90% relative humidity.

2.3. Uptake experiments

Cells were collected following centrifugation and then
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ependant multivitamin transporter (hSMVT), a biotin trans-
orter, may substantially improve the delivery and anticancer
ctivity of camptothecin through enhancement of cellular per-
eability and intracellular retention (Sinko et al., 2002). SMVT

as been targeted to substantially improve the intestinal perme-
bility and oral bioavailability of retro-inverso Tat nanopeptide
Ramanathan et al., 2001a,2001b). Therefore, biotin transporter
argeted drug/prodrugs may be utilized for higher retinal intra-
ellular drug concentration.

The objective of this study was to investigate the presence of
pecialized carrier system for biotin on the neural retina and to
elineate the mechanism, intracellular regulation and possible
ole of sodium-dependant multivitamin transporter in the uptake
f biotin by retinal cells. A human retinoblastoma cell line, Y-
9, has been selected as a model for retinoblastoma. The human
etinoblastoma (Y-79) is a multipotential neural cell line derived
rom a tumor of the inner layers of the retina (Yorek et al., 1986).
everal studies have provided evidence that this cell line is a
rimitive neuroctodermal line that contains both neuronal and
lial characteristics (Kyritsis et al., 1984) and therefore, is a
otentially useful cellular model of the human retina. Various
tudies provide evidence supporting the neuroblastic potential
f the Y-79 cell line (del Cerro et al., 1993; del Pilar Gomez et
l., 1993).

. Materials and methods

.1. Materials

[3H]Biotin (50 Ci/mmol) was purchased from Parkin-Elmer
Boston, MA). Unlabeled biotin, pantothenic acid, desthio-
ashed three times with a Dulbecco’s phosphate-buffered saline
DPBS), pH 7.4, containing 130 mM NaCl, 0.03 mM KCl,
.5 mM Na2HPO4, 1.5 mM KH2PO4, 1 mM CaCl2, 0.5 mM Mg
O4, and 5 mM glucose. Aliquots of approximately 5 × 106 cells
ere then preincubated in 1 ml DPBS for 10 min at 37 ◦C. Biotin
ptake was initiated by the addition of a fixed amount of [3H]
iotin. Cells were incubated for a suitable time period at 37 ◦C.
t the end of the each experiment tubes were immediately cen-

rifuged, the solution was aspirated off and cells were washed
ith 3 × 1 ml of ice-cold stop solution (210 mM KCl, 2 mM
EPES), pH 7.4, to arrest the reaction. The cells were then sol-
bilized in 1 ml of 0.1% Triton-X solution in 1% NaOH and
n aliquot was then transferred to scintillation vials contain-
ng 5 ml of scintillation cocktail. Radioactivity associated with
he cells was quantified using a scintillation counter (Beckman
nstruments Inc., Model LS-9000, Fullerton, CA) and the protein
ontent of each sample measured by the methods of Bradford
Bradford, 1976) using bovine serum albumin as the standard
Bio-Rad protein estimation kit, Hercules, CA, USA). Cell via-
ility under all treatment regimens was monitored by the trypan
lue exclusion test and was routinely observed to be between 90
nd 95%.

.3.1. Time and concentration dependence
Uptake of [3H] Biotin was carried out for various time period

3, 5, 10, 15, 30 and 45 min.) to determine optimum time period
or uptake studies. To determine the contribution of hSMVT and
igh affinity biotin specific transporter various concentrations
f unlabeled biotin ranging from micromolar (0.1–100 �M) and
anomolar (0.1–100 nM) solutions were prepared in DPBS, pH
.4, and then spiked with fixed amount of [3H]Biotin for con-
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centration dependence studies. Uptake experiments were carried
out as mentioned earlier.

2.3.2. Ion and energy dependence
The effect of sodium was examined by adding equimolar

quantities of potassium, ammonium and choline chloride to sub-
stitute sodium chloride (NaCl) and sodium phosphate monoba-
sic (Na2HPO4), in DPBS, pH 7.4. Effect of chloride ion was
studied by using equimolar quantities of sodium phosphate diba-
sic (NaH2PO4), potassium phosphate (KH2PO4), and calcium
acetate to substitute NaCl, potassium chloride (KCl) and cal-
cium chloride (CaCl2), respectively. To delineate the energy
dependency, cells were preincubated with metabolic inhibitors
(1 mM), like ouabain (an inhibitor of Na+/K+-ATPase), 2,4-
dinitrophenol (intracellular ATP reducer) and sodium azide (an
inhibitors of oxidative phosphorylation), for 1 h. Uptake was
then carried out as described earlier with pH 7.4 buffer solution
containing [3H]Biotin (10 nM).

2.3.3. pH and temperature dependence
The pH of the buffer was adjusted to 5, 6, 7.4, and 8 for pH

dependence studies. When effect of temperature on uptake of
[3H]Biotin was studied, buffer was adjusted to different temper-
atures (4 ◦C, room temperature (20 ◦C), and 37 ◦C). Uptake of
[3H]Biotin (10 nM) was then carried out at various pH levels
and temperature settings.
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employed to explore the involvement of biotin in various
cell signaling pathways. Various modulating agents (genistin,
genistein, bisindolylmaleimide-I, phorbol-12-myristate-13-
acetate, forskolin, N-[2-bromocinnamyl(amino)ethyl]-5-
isoquinolinesulfonamide(H-89), 3-isobutyl-1-methylxanthine
(IBMX), calmidazolium, KN-62 and trifluoperazine) were
prepared in DMSO or absolute ethanol (final concentration
of the organic solvent was less than 1% v/v). Cells were
incubated for 1 h and uptake was initiated by adding [3H]Biotin
(10 nM) to examine the effects of various signaling pathways
modulators. An identical amount of drug-dissolving vehicle
(DMSO or ethanol) was incorporated in the bathing medium
for control experiments to determine the effect of these solvents
on untreated cells.

2.4. RT-PCR analysis

Total RNA was isolated from Y-79 cells with Trizol® reagent
(Invitrogen) following manufacturer’s protocol. Reverse tran-
scription (RT) was performed according to standard protocol
with 1 �g total RNA to obtain first strand cDNA. One micro
liter of cDNA was then introduced into PCR and the prod-
uct was subjected to gel electrophoresis with 3% agarose gel.
Primers used for the amplification of human SMVT were: for-
ward 5′-CGATTCAATAAAACTGTGCGAGT-3′ and reverse
5′ ′
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.3.4. Substrate specificity
To delineate the structural requirements for interactions with

iotin carrier system, uptake experiments were carried out with
ompetitive inhibitors (various vitamins and structural analogs).
he unlabeled competitor was simultaneously incubated with

he respective radiolabeled biotin (10 nM) and uptake was car-
ied out as described previously. The unlabeled vitamins (biotin,
antothenic acid, desthiobitoin, lipoic acid, folic acid, riboflavin,
icotinic acid, pyridoxine and thiamine) at a concentration of
0 and 100 �M and structural analogs (biocytin, biotin methyl
ster, valeric acid) at a concentration of 100 �M were used in
hese studies. Effect of the anion transport inhibitors 4,4′-di-
sothiocyanatostilbene-2,2′-disulphonic acid (DIDS) on biotin
ptake was also examined at a concentration of 1 mM. To exam-
ne the presence of biotin specific transporter system, uptake of
3H]Biotin (2 nM) was carried out in the presence of unlabeled
itamins (biotin, pantothenic acid, desthiobitoin, lipoic acid) at
oncentrations of 50 and 100 nM.

.3.5. trans-stimulation study
In these studies, cells were preincubated with 1 ml of DPBS

uffer (control) or 1 ml of DPBS buffer plus unlabeled Biotin,
anging from 10–500 �M, at 37 ◦C for 30 min. Cells were then
insed with ice-cold buffer before the uptake studies were per-
ormed as described previously.

.3.6. Intracellular regulation
Since intracellular uptake and trafficking of biotin is poorly

nderstood, different signal transduction pathways modulators
PTK, PKC, PKA and Ca+2/calmodulin pathways) were
-GGACAGCCA CAGATCAAAGC-3 . These primers were
dopted from a published human SMVT cDNA sequences
Balamurugan et al., 2005). The PCR conditions were as fol-
ows: denaturation (94 ◦C, 45 s), annealing (58 ◦C, 1 min), and
xtension (72 ◦C, 45 s) for 35 amplification cycles, followed by
final extension of 72 ◦C for 10 min. The resultant product was

equenced from both directions by SeqWright using an auto-
ated Perkin-Elmer Applied Biosystems 3730 × 1 Prism TM
NA sequencer to establish its molecular identity.

.5. Computer analysis

Nucleotide sequence homology matching was performed
ith a basic local aligment tool (BLAST) via on-line con-
ection to the National Center of Biotechnology Information
NCBI). Multiple nucleotide sequence comparisons were done
sing CLUSTAL W (1.81) multiple sequence alignment tool
rom Swiss-Prot.

.6. Data analysis

Uptake data was fitted to a modified Michaelis–Menten equa-
ion. This equation takes into account the carrier-mediated pro-
ess (as describe by the classical Michaelis–Menten equation)
nd a linear non-saturable diffusional process.

= Vmax[C]

Km + [C]
+ Kd[C] (1)

here V is the total rate of uptake, Vmax the maximum uptake
ate for the carrier-mediated process, Km (Michaelis–Menten
onstant) the concentration at half-saturation, C the substrate
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concentration, Kd the rate constant for the non-saturable diffu-
sion component and Kd [C] represents the nonsaturable com-
ponent, whereas the saturable component of total uptake is
represented by (Vmax [C])/(Km + [C]). Data were fitted to above
equation with a nonlinear least square regression analysis pro-
gram (Kaleida Graph Version 3.09, Synergy Software, PA). The
kinetic parameters, calculated using Kaleida Graph, were sub-
stituted into the equation to determine the contribution of the
saturable and nonsaturable components. The quality of the fit
was determined by evaluating the coefficient of determination
(R2), the standard error of parameter estimates, and by visual
inspection of the residuals.

2.7. Statistical analysis

All experiments were conducted at least in quadruplicate and
results are expressed as mean ± S.D. Michaelis–Menten param-
eters Km and Vmax are expressed as mean values. Unpaired
Student’s t-test was applied to calculate statistical significance.
A difference between mean values was considered significant if
p < 0.05.

3. Results

3.1. Uptake studies
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Fig. 1. Uptake of [3H]Biotin by Y-79 cells as a function of micromolar (A) and
nanomolar (B) substrate concentration at 37 ◦C, pH 7.4. (�) total uptake, (�)
linear, non-saturable component, (�) Michaelis–Menton component. Solid line
represents the calculated fit of the data to modified Michaelis–Menton equa-
tion as described under Section 2. The estimated active component to the total
biotin uptake is simulated with a dotted line; the estimated passive component
is indicated with a dashed line. Each data point represents the mean ± S.D. of
4–5 separate uptake determinations.

indicating that uptake process is highly sodium-dependent. To
test the hypothesis that biotin uptake depends on selective
cotransport of Cl−, experiments were conducted in media con-
taining salts of alternative organic and inorganic monovalent
anions (phosphate and acetate). No significant difference was
observed in the uptake of [3H]Biotin (10 nM) in Y-79 cells when
chloride ion was substituted with phosphate and acetate.

We further studied the effect of metabolic inhibitors on
the uptake of [3H]Biotin (10 nM). A Na+/K+-ATPase inhibitor
(ouabain), intracellular ATP reducer ((2,4-dinitrophenol (DNP))
and oxidative phosphorylation inhibitor (sodium azide) were
added as metabolic inhibitors. Uptake was reduced signifi-
cantly in the presence of sodium azide, ouabain and DNP. The
rates of uptake were 16.38 ± 0.97, 7.96 ± 0.39, 6.02 ± 0.22 and
.1.1. Time and concentration dependence
Time-dependent uptake of [3H]Biotin (2 and 10 nM) was car-

ied out with Y-79 cells. As shown in Fig. 1(A) and (B), uptake
ncreased linearly up to 20 min (r2 = 0.99) and 45 min (r2 = 0.98)
or 10 and 2 nM [3H]Biotin, respectively. Based on these results,
0 and 30 min incubation periods were selected as the standard
ncubation time for 10 and 2 nM [3H]Biotin respectively for all
he experiments (unless otherwise specified).

The presence of a biotin transport system in the Y-79 cell
ine was determined by assessing the kinetics of biotin uptake.
nalysis of total [3H]Biotin (10 nM) uptake data reveals an
ptake mechanism consisted of two pathways: a saturable path-
ay at low concentrations and an apparently nonsaturable

passive) pathway that dominated at concentrations above
0 �M (Fig. 1(A)). After fitting the Biotin data to modified
ichaelis–Menten equation, an uptake system with an apparent

m of 8.53 �M and a Vmax of 14.12 pmol/min/mg protein was
dentified. The dotted line represents the uptake for the saturable
omponent and the dashed line represents the uptake for nonsat-
rable component of biotin uptake. Saturable and nonsaturable
omponents were determined by substituting the values of the
inetic constants into modified Michaelis–Menten equation. As
hown in Fig. 1(B) rate of [3H]Biotin (2 nM) uptake was found
o be linear as a function of concentration in the nanomolar range
0.1–50 nM).

.1.2. Ion and energy dependence
In order to investigate sodium dependency, Na+ ions in the

athing media was replaced with equimolar quantity of K+,
H4

+ and choline chloride. As shown in Fig. 2, significant inhi-
ition (>80%) was observed in the uptake of [3H]Biotin (10 nM)



V. Kansara et al. / International Journal of Pharmaceutics 312 (2006) 43–52 47

0

20

40

60

80

100

120

Contro
l

KCl

NH4C
l

Cholin
e C

l 
Cl (

-)

Na-
Azid

e

Ouab
ain DNP

U
p

ta
ke

 (
%

 o
f 

co
n

tr
o

l)

*
* *

*
*

*

Fig. 2. Uptake of [3H]Biotin by Y-79 cells in presence and absence of sodium
and chloride (replaced with equimolar concentration of other monovalent
cations) in DPBS buffer (pH 7.4) and in presence of metabolic inhibitors ouabain
(1 mM), sodium azide (1 mM) and 2,4-dinitrophenol. Here, uptake is expressed
as a percentage of control. Each data point represents the mean ± S.D. of 4–5
separate uptake determinations. Asterisk (*) represents significant difference
from control (p < 0.05).

9.14 ± 0.57 fmol/min/mg pr. for control and in the presence of
sodium azide, ouabain, and DNP, respectively (Fig. 2).

3.1.3. pH and temperature dependence
To test the potential involvement of a hydrogen-coupled

uptake pathway, incubation media with pH over a range of 5–8
were prepared by adjusting the pH of DPBS. Biotin uptake was
found to be decreased as a function of decreasing (or increas-
ing) buffer pH from 7.4. Therefore, all experiments were car-
ried out at pH 7.4. The biotin uptake pathway in Y-79 cells
was further characterized using additional criteria for active
membrane transport, namely temperature dependence. To deter-
mine temperature dependence of the transport pathway, uptake
of [3H]Biotin (10 nM) was performed at different tempera-
tures. The rates of uptake were 20.77 ± 1.01, 13.38 ± 1.62, and
4.78 ± 1.34 fmol/min/mg pr. at 37◦, 20◦, and 4 ◦C, respectively,
indicating that biotin uptake was substantially reduced with the
decrease of temperature.

3.1.4. Substrate specificity
To investigate the substrate specificity of the saturable uptake

process, we studied the effects of various structural analogs on
[3H]Biotin (10 nM) uptake in Y-79 cells. As shown in Fig. 3(A),
45.2% and 73.6% of [3H]Biotin uptake was blocked in the
presence of 50 and 100 �M unlabeled biotin, respectively. Inter-
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Fig. 3. (A) Uptake of [3H]Biotin (10 nM) by Y-79 cells in presence of micro-
molar concentration of biotin structural analogs, pantothenic acid, lipoic acid,
valeric acid and DIDS. Here, uptake is expressed as a percentage of control.
Each data point represents the mean ± S.D. of 4–5 separate uptake determina-
tions. Asterisk (*) represents significant difference from control (p < 0.05); (B).
Uptake of [3H]Biotin (2 nM) by Y-79 cells in presence of nanomolar concen-
tration of biotin, desthiobiotin, pantothenic acid and lipoic acid. Here, uptake is
expressed as a percentage of control. Each data point represents the mean ± S.D.
of 4–5 separate uptake determinations.

To confirm the involvement of a carrier-mediated system for
biotin uptake that saturates at the micromolar range, the effect
of nanomolar concentrations of the bitotin structural analogs on
the rate of carrier-mediated [3H]Biotin (2 nM) uptake was also
examined. As shown in Fig. 3(B), no significant difference in
the [3H]Biotin uptake was observed in the presence of 50 and
100 nM of unlabeled biotin, pantothenic acid, desthiobiotin and
lipoic acid.

Table 1
Effect of structurally unrelated vitamins on uptake of [3H]Biotin in Y-79 cells

Compound (100 �M) Uptake (fmoles/min/mg pr.)

Control 20.80 ± 0.66
Folic acid 17.27 ± 1.65
Riboflavin 17.45 ± 1.64
Nicotinic acid 19.58 ± 1.99
Pyridoxine 18.01 ± 1.71
Thiamine 17.53 ± 1.01

Values are means ± S.E. of four separate uptake determinations.
stingly, significant inhibition in the uptake of [3H]Biotin was
bserved with pantothenic acid (39.2% and 65.6%) and lipoate
53.9% and 74.1%) at a concentration of 50 and 100 �M. Of
he various biotin analogs tested, only desthiobiotin strongly
educed uptake but no significant inhibition was observed with
iocytin and biotin methyl ester. Valeric acid caused a substantial
nhibition of [3H]Biotin uptake (38.6%). As shown in Table 1,
one of the unlabeled vitamins (folic acid, riboflavin, nicotinic
cid, pyridoxine and thiamine) showed any effect in the uptake of
3H]Biotin in Y-79 cells. No significant inhibition in [3H]Biotin
ptake was observed in the presence of DIDS (1 mM).
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Fig. 4. trans-Stimulation study of [3H]Biotin uptake by Y-79 cells. Uptake is
expressed as a percentage of control. Each data point represents the mean ± S.D.
of 4–5 separate uptake determinations. Asterisk (*) represents significant differ-
ence from control (p < 0.05).

3.1.5. trans-stimulation studies
In these studies, cells were preincubated with 1 ml of DPBS

buffer (control) or 1 ml of DPBS buffer plus unlabeled biotin
(10–100 �M) and the uptake of [3H]Biotin (10 nM) was mea-
sured. The efflux rate of [3H]Biotin would be expected to be
higher in the control compared with cells preincubated with
unlabeled biotin, if the uptake is carrier mediated. As shown in
Fig. 4, [3H]Biotin uptake was significantly enhanced (>30%)
in cells preincubated with biotin compared with cells prein-
cubated with only buffer (control). Varying the concentration
of unlabeled biotin in the incubation medium, a concentra-
tion dependant trans-stimulation of uptake was observed. There
was only a small difference in the stimulatory effect between
250 and 500 �M unlabeled biotin, demonstrating saturation of
uptake.

3.1.6. Role of intracellular regulatory pathways
Involvement of intracellular regulatory pathways such as pro-

tein kinase C (PKC), protein kinase A (PKA), protein tyrosine
kinase (PTK), and Ca2+/calmodulin-mediated pathways in the
regulation of [3H]Biotin (10 nM) uptake into Y-79 cells was
investigated. The possible role of PKC, PTK and PKA in the
regulation of biotin (10 nM) uptake was studied by examining
the effect of pretreating Y-79 cells for 1 h with either the PKC
activator ((phorbol 12 myristate 13-acetate (PMA)), or with the
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Table 2
Effect of Ca2+/calmodulin-mediated pathways modulators on uptake of
[3H]Biotin in Y-79 cells

Modulators (�M) Uptake (fmoles/min/mg pr.)

Control 18.62 ± 1.98
TFP
10 18.10 ± 0.72
100 13.44 ± 1.84*

250 11.02 ± 0.47*

KN-62
0.1 17.35 ± 1.39
1 12.22 ± 2.71*

10 9.53 ± 0.81*

Calmidazolium
Control 49.69 ± 2.20
10 29.26 ± 1.70*

50 21.03 ± 1.75*

100 14.48 ± 0.41*

250 6.47 ± 0.43*

In these studies cells were preincubated with 1 ml of Ca2+/calmodulin-mediated
pathway modulators (TFP, KN-62 and calmidazolium) and the uptake of
[3H]Biotin (10 nM) was measured. Values are means ± S.E. of four separate
uptake determinations. Asterisk (*) represents significant difference from con-
trol (p < 0.05).

of calmidazolium on the uptake of biotin as a function of con-
centration. The results showed biotin uptake to be saturable both
in the absence and presence of calmidazolium; however, uptake
in the presence of calmidazolium was lower than that of con-
trol. There was a decrease (66%) in the Vmax of biotin uptake
in calmidazolium-pretreated cells compared with control cells
(4.77 versus 14.12 pmol/min/mg protein, respectively) and a
decrease (28%) in the apparent Km (6.22 nM versus 8.53 nM,
respectively) (Fig. 5).
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KC inhibitors (bisindolylmaleimide I), PTK pathway modu-
ators (genistein and genistin) and PKA pathway modulators
activators, IBMX and forskolin and specific inhibitor, H-89).
he results show that none of these compounds had significant
ffect on the biotin uptake.

The role of Ca+2/calmodulin-mediated pathways in the regu-
ation of [3H]Biotin (10 nM) uptake in Y-79 cells was examined
y pretreating these cells for 1 h with the calmodulin inhibitors
calmidazolium and tri-fluoperazine) and with the inhibitor of
a+2/calmodulin-dependent protein kinase II (KN-62). These
ompounds caused a significant and concentration-dependent
nhibition in biotin uptake (Table 2). We also examined the
ffect of calmidazolium on the kinetic parameters of biotin
ptake by Y-79 cells. This was done by examining the effect
100
0

200 40 60 80

Biotin (micromolar)

ig. 5. Concentration-dependant uptake of [3H]Biotin on calmidazolium-
reated cells. (�) Control; (�) Calmidazolium treated cells. The passive diffusion
omponent is obtained using Michaelis–Menten equation as described in Sec-
ion 2 and subtracted from total uptake values to represents only the saturable
ptake process. Each data point represents the mean ± S.D. of 4–5 separate
ptake determinations.
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Fig. 6. Molecular identity of the hSMVT in Y-79 cells at the mRNA level. PCR
product obtained using hSMVT specific primers and total RNA isolated from Y-
79 cells. Aliquots of PCR products were analyzed by gel electrophoresis on 3%
agarose gel. Ethidium bromide staining of the gel showed a major ∼862 bp (lane
2) band corresponding to the amplified human SMVT cDNA. Lane 1 represents
1-kbp DNA ladder.

3.2. RT-PCR analysis

To determine molecular expression of the biotin transporter in
Y-79 cells at the mRNA level, total RNA from the Y-79 cells were
isolated. The PCR product was sequenced in both directions.
The sequence obtained showed maximum homology to hSMVT
(GenBank accession no. AF116241) using the BLAST search
program (NCBI). A major band (862 bp), corresponding to the
amplified human SMVT cDNA, with total product length of
15012 bp, was observed (Fig. 6).

4. Discussion

Human retina is a delicate organization of neurons, glia and
nourishing blood vessels. Biotin, an essential water soluble
vitamin, appears to play a critical role in cellular homeostasis
and pathological conditions of retina including retinoblastoma.
Treatment strategies for retinoblastoma have gradually changed
over the past few decades. Systemic chemotherapy (chemore-
duction) in the treatment of intraocular tumors has succeeded to
certain extent in conjunction with cryotherapy or photocoagula-
tion (Friedman et al., 2000; Shields et al., 2002). Various nutrient
transporters (peptide, amino acids, glucose, folate, monocar-
boxylic acid, nucleoside and nucleobase, organic anion and
organic cation transporters), present on the retina, have been
known to play an important role in tissue nutrition and regulation
o
e
i
i

i

1997), intestine (Said, 1991; Prasad et al., 1999; Balamurugan
et al., 2003), kidney (Kumar et al., 1998; Balamurugan et al.,
2005), liver (Said et al., 1992; Balamurugan et al., 2003) and
skin (Grafe et al., 2003), but little is known about the uptake
and intracellular regulation of biotin in the retina. The major
aim of the present study was to identify the presence of biotin
carrier system on human derived retinoblastoma cell line (Y-79),
a model cell line for human retinoblastoma, and to investigate
the mechanism and intracellular regulation of biotin uptake. In
the present study, we have also explored the possible role of
the hSMVT as a biotin carrier system on Y-79 cells and have
attempted to establish its functional and molecular expression.
Y-79 cell line was selected because it is a multipotential human
cell line derived from a tumor of the inner plexiform layer of the
retina, and it retains many neural characteristics. The Y-79 has
been used as an in vitro model of retinoblastoma to study normal
differentiation and maintenance of function of the neural retina
and to facilitate the evaluation of antitumoral treatments (McFall
et al., 1977; Olianas et al., 1992). Y-79 cell line has been selected
as a model system to investigate metabolic characteristics and
membrane properties of the retina (Tombran-Tink et al., 1992).

[3H]Biotin (10 nM) uptake was found to be saturable as a
function of concentration with an apparent Km and Vmax of
8.53 �M and 14.12 fmol/min/mg protein, respectively. Involve-
ment of this carrier-mediated system in the retinal uptake of
biotin is consistent with various other cell systems such as
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f endogenous and exogenous substances. Biotin transporter
xpressed on the retina, may be targeted following systemic and
ntravitreal administration to generate enhanced drug availabil-
ty in the retina.

A carrier mediated transport system for biotin is well studied
n the various other tissues including placenta (Prasad et al.,
olonic, intestinal, placental, renal and liver hepatocytes cells.
he previously reported half maximal transport constants (Km)
alues range from 2.1 �M in placental choriocarcinoma (BeWo)
Prasad et al., 1997), to 22 �M in human keratinocytes, (HaCaT
ells) (Grafe et al., 2003) and Vmax values ranges from ∼32 to
50 pmol/mg protein/min. More recently, a second human high-
ffinity sodium-dependant bitotin uptake system, with an appar-
nt Km in the nanomolar range has been described in peripheral
lood mononuclear cells (PBMCs) (Zempleni and Mock, 1998,
999) and in human keratinocytes (Grafe et al., 2003). Concen-
ration dependence uptake of biotin (2 nM) showed no satura-
ion in nanomolar range (0.1–50 nM) indicating that recently
escribed human high-affinity biotin uptake system may not be
unctional in Y-79 cells. These variations could be due to the
xistence of different biotin uptake mechanisms at varying lev-
ls of expression depending on cell lines and/or inherent nature
f cancer cell lines. Despite these differences, a common trend
s observed among various studies showing that biotin uptake

echanism is specific and saturable in the range of micromo-
ar concentration suggesting the involvement of hSMVT in the
ptake of biotin in Y-79 cells.

Uptake process of biotin was found to be pH-dependent as
ignificant difference was observed within a pH range of 5–8.
emperature-dependent regulation of vitamin uptake defines
n active uptake mechanism (Foraker et al., 2003). Uptake of
iotin was found to be temperature-dependent. Presence of
odium-free buffer caused significant inhibition of [3H]Biotin
10 nM) uptake. These results suggest that sodium ions play

significant role in biotin translocation. Additional support
or Na+ dependence has been shown through uptake studies
erformed in the presence of ouabain, a well-known Na+/K+-
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ATPase inhibitor. Significant inhibition was observed in the pres-
ence of ouabain, suggesting that this carrier-mediated transport
process is sodium-dependent. In order to determine whether the
uptake of biotin is dependent on a motive energy force, known
metabolic inhibitors (sodium azide and 2,4-dinitrophenol) have
been employed. Significant inhibition of [3H]biotin uptake was
observed when cells were treated with sodium azide and 2, 4-
dinitrophenol, which is known to reduce intracellular ATP. Thus,
process of biotin uptake by Y-79 cells was found to be energy
dependant and appears to be directly coupled to ATP energy
sources. These results indicate the involvement of a specialized,
sodium-dependant high-affinity carrier-mediated system in the
retinal biotin uptake which saturates at micromolar range.

Possible involvement of hSMVT is further supported by
the finding of a significant inhibition of [3H]Biotin uptake by
unlabeled biotin and by its structural analogs at micromolar
but not at nanomolar concentration range. Effect of structural
analogs on biotin uptake also provided useful information about
the structural–functional relationship between biotin and its
uptake process. Desthiobiotin significantly inhibited the uptake
of biotin. It appears that the thiophane portion in the biotin
molecule plays an important role for binding to the biotin trans-
porter. These results also suggest that the keto group at the
second position of the imidazole ring in biotin is essential for
the substrate to interact with the transporter. The tetrahydroth-
iophene ring which is absent in desthiobiotin does not appear
t
e
a
o
b
t
o
c
t
w
u
t
a
c
o
T
t
u
i
P
s
Y

b
S
e
(
i
b
e
c

A trans-stimulation study was used to further evaluate
whether biotin is translocated by a carrier-mediated system, a
characteristic feature of an exchange transporter. The presence
of the unlabeled biotin on the opposite side (trans) of the mem-
brane resulted in an enhanced flux of the radiolabeled biotin.
Results show that uptake of [3H]biotin was trans-stimulated by
the intracellular biotin. One possible mechanism is that the intra-
cellularly accumulated unlabeled biotin inhibits the efflux of the
[3H]Biotin resulting in an enhanced uptake. This finding further
supports the presence of carrier-mediated system involved in the
uptake of biotin on the Y-79 cells.

Several studies have demonstrated that the activity of mem-
brane transporter systems are rapidly regulated by the major
signaling pathways, namely protein tyrosine kinase, protein
kinase A-,C-, and Ca2+/calmodulin-mediate pathways (Said et
al., 1998; Said, 1999; Feschenko et al., 2000). We also investi-
gated possible regulation of the biotin uptake process by intracel-
lular regulatory pathways. Concentration-dependent decrease in
biotin uptake by TFP, KN-62, and calmidazolium suggest the
involvement of Ca2+/calmodulin mediated pathways in the reg-
ulation of biotin uptake. The effect of calmidazolium appears to
be mediated via significant inhibition (39%) in the Vmax and a
significant increase (112%) in apparent Km of the biotin uptake
by Y-79 cells. These results suggest that the effect is mediated
via decrease in both the capacity of the biotin uptake system
and its affinity. PTK pathway modulators (genistin and genis-
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o be essential because this analog is a potent inhibitor. How-
ver, lipoate which lacks the ring structure and the keto group is
lso a potent inhibitor of the biotin uptake. Similar results were
btained in biotin transfer studies using the placental brush-
order membrane vesicles. In addition to the involvement of
he keto group, it was shown that the terminal carboxyl groups
f the valeric acid side chain as well as the length of the side
hain are key factors determining the interaction of biotin with
he transporter. Biocytin and biotin methyl ester, where biotin
as modified at the carboxyl group had no effect on the biotin
ptake. No significant inhibition in biotin uptake was observed in
he presence of various unlabeled vitamins (nicotinic acid, folic
cid, ascorbic acid, riboflavin, and pyridoxine). Significant and
oncentration dependant inhibition was observed on the uptake
f [3H]Biotin in the presence of unlabeled biotin (0.1–100 �M).
aken together, these results provide additional support for

he presence of a carrier system that specifically mediates the
ptake of biotin, pantothenic acid, desthiobiotin and lipoic acid
nto Y-79 cells and is saturable at a micromolar range. RT-
CR analysis provides the evidence of the molecular expres-
ion of hSMVT and further support the presence of hSMVT in
-79 cells.

Involvement of anion-exchange transport mechanism for
iotin transport across basolateral membrane was observed by
aid et al. (Said, 1991). To delineate the involvement of anionic
xchange transporter in the Y-79 cells, uptake of [3H]Biotin
10 nM) was performed in the presence of anion transport
nhibitor, i.e., DIDS. No significant inhibition of biotin uptake
y DIDS rule out the possibility of the involvement of an anion-
xchange transport mechanism for biotin uptake in the Y-79
ells.
ein), PKA pathway modulators (IBMX, forskolin and H-89)
nd PKC pathway modulators (PMA and bisindolylmaleimide
) had no effect on biotin uptake. Therefore, our results indi-
ate involvement of a Ca2+/calmodulin pathway modulators but
ot PTK, PKA and PKC-mediated pathways in the regulation of
iotin uptake. Balamurugan et al. showed the activity of PKC and
a+/calmodulin pathways for the mechanism of Biotin uptake

n HK-2 cells. We have seen PKC independent Ca+/calmodulin
ependant pathway for the uptake of Biotin in Y-79 cells. The
hysiological mechanism(s) through which calmidazolium and
rotein kinase pathways exerts its regulatory effect on biotin
ptake is not very clear. However, different mechanisms asso-
iated with this pathway have been proposed, including acti-
ation of specific protein kinases and possibly direct effect on
he uptake system involved. Most signal transduction pathways
re involved in diverse and critical cellular functions. Cur-
ently, physiological significance behind the multiple-signaling
egulating pathways involved in biotin uptake in retina is
oorly understood. Extensive cross-signaling between cAMP
nd calmodulin-mediated signal transduction pathways exists at
everal levels of cellular control mechanisms (Alberts, 1994).
herefore, CaM-mediated reduction of biotin uptake in Y-79
ells might be a manifestation of intertwined regulation of these
rocesses.

In conclusion, this is the first report indicating the func-
ional and molecular expression of a specialized human sodium-
ependant multivitamin transporter (hSMVT) system on Y-79
ell line. This carrier-mediated active transporter system is
emperature, energy and pH-dependant in nature. Uptake of
3H]Biotin was trans-stimulated by the intracellular biotin. No
nvolvement of PTK, PKA and PKC-mediated pathways were
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found in regulating biotin uptake. This system appears to be reg-
ulated by Ca2+/calmodulin-mediated pathways. The study also
provides useful information on the substrate specificity of this
carrier system. This study suggests that Y-79 cells express the
hSMVT system and may serve as a useful in vitro experimental
model of human retinoblastoma for studying retinal uptake and
intracellular translocation of biotin. Moreover, hSMVT system
can be targeted for the design of prodrugs to achieve enhanced
permeability for highly potent, but poorly bioavailable anti-
cancer agents where a small increase in the retinal availability
could result in a significant improvement in therapeutic response
in the treatment of retinoblastoma.

Acknowledgement

The research has been supported by NIH grants 2R01 EY
09171-11 and 2R01 EY 10659-08.

References

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K., Waston, J.D., 1994.
Molecular Biology of the Cell. Garland Publishing, Inc, New York.

Balamurugan, K., Ortiz, A., Said, H.M., 2003. Biotin uptake by human intesti-
nal and liver epithelial cells: role of the SMVT system. Am. J. Physiol.
Gastrointest. Liver Physiol. 285, G73–G77.

Balamurugan, K., Vaziri, N.D., Said, H.M., 2005. Biotin uptake by human

B

B

C

D

d

d

D

D

F

F

F

G

Krause, K.H., Berlit, P., Bonjour, J.P., 1982. Impaired biotin status in anti-
convulsant therapy. Ann. Neurol. 12, 485–486.

Krause, K.H., Bonjour, J.P., Berlit, P., Kynast, G., Schmidt-Gayk, H., Arab,
L., 1986. B vitamins in epileptics. Bibl. Nutr. Diet., 154–167.

Kumar, C.K., Yanagawa, N., Ortiz, A., Said, H.M., 1998. Mechanism and
regulation of riboflavin uptake by human renal proximal tubule epithelial
cell line HK-2. Am. J. Physiol. 274, F104–F110.

Kyritsis, A.P., Tsokos, M., Triche, T.J., Chader, G.J., 1984. Retinoblastoma
– origin from a primitive neuroectodermal cell? Nature 307, 471–473.

Lee, V.H., 2000. Membrane transporters. Eur. J. Pharm. Sci. 11 (Suppl. 2),
S41–S50.

Low, L.C., Stephenson, J.B., Bartlett, K., Seakins, J.W., Shaikh, S.A., 1986.
Biotin-reversible neurodegenerative disease in infancy. Aust. Paediatr. J.
22, 65–68.

Manthey, K.C., Griffin, J.B., Zempleni, J., 2002. Biotin supply affects expres-
sion of biotin transporters, biotinylation of carboxylases and metabolism
of interleukin-2 in Jurkat cells. J. Nutr. 132, 887–892.

McFall, R.C., Sery, T.W., Makadon, M., 1977. Characterization of a new
continuous cell line derived from a human retinoblastoma. Cancer Res.
37, 1003–1010.

Mock, D.M., deLorimer, A.A., Liebman, W.M., Sweetman, L., Baker, H.,
1981. Biotin deficiency: an unusual complication of parenteral alimenta-
tion. N. Engl. J. Med. 304, 820–823.

Olianas, M.C., Lampis, G., Onali, P., 1992. Human Y-79 retinoblastoma cells
express functional corticotropin-releasing hormone receptors. Brain Res.
593, 304–306.

Prasad, P.D., Ramamoorthy, S., Leibach, F.H., Ganapathy, V., 1997. Charac-
terization of a sodium-dependent vitamin transporter mediating the uptake
of pantothenate, biotin and lipoate in human placental choriocarcinoma
cells. Placenta 18, 527–533.

Prasad, P.D., Wang, H., Huang, W., Fei, Y.J., Leibach, F.H., Devoe, L.D.,

P

R

R

S

S

S

S

S

S

S

proximal tubular epithelial cells: cellular and molecular aspects. Am. J.
Physiol. Renal. Physiol. 288, F823–F831.

onjour, J.P., Bausch, J., Suormala, T., Baumgartner, E.R., 1984. Detection
of biocytin in urine of children with congenital biotinidase deficiency. Int.
J. Vitam. Nutr. Res. 54, 223–231.

radford, M.M., 1976. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-dye
binding. Anal. Biochem. 72, 248–254.

risp, S.E., Griffin, J.B., White, B.R., Toombs, C.F., Camporeale, G., Said,
H.M., Zempleni, J., 2004. Biotin supply affects rates of cell proliferation,
biotinylation of carboxylases and histones, and expression of the gene
encoding the sodium-dependent multivitamin transporter in JAr chorio-
carcinoma cells. Eur. J. Nutr. 43, 23–31.

akshinamurti, K., Chauhan, J., 1988. Regulation of biotin enzymes. Annu.
Rev. Nutr. 8, 211–233.

el Cerro, M., Seigel, G.M., Lazar, E., Grover, D., del Cerro, C., Brooks,
D.H., DiLoreto Jr., D., Chader, G., 1993. Transplantation of Y79 cells into
rat eyes: an in vivo model of human retinoblastomas. Invest. Ophthalmol.
Vis. Sci. 34, 3336–3346.

el Pilar Gomez, M., Waloga, G., Nasi, E., 1993. Electrical properties of
Y-79 cells, a multipotent line of human retinoblastoma. J. Neurophysiol.
70, 1476–1486.

onaldson, S.S., 1993. Prophylactic radiotherapy in retinoblastoma–is it
really new? Br. J. Cancer 68, 651–652.

uvvuri, S., Majumdar, S., Mitra, A.K., 2003. Drug delivery to the retina:
challenges and opportunities. Expert Opin. Biol. Ther. 3, 45–56.

eschenko, M.S., Stevenson, E., Sweadner, K.J., 2000. Interaction of protein
kinase C and cAMP-dependent pathways in the phosphorylation of the
Na, K-ATPase. J. Biol. Chem. 275, 34693–34700.

oraker, A.B., Khantwal, C.M., Swaan, P.W., 2003. Current perspectives on
the cellular uptake and trafficking of riboflavin. Adv. Drug Deliv. Rev.
55, 1467–1483.

riedman, D.L., Himelstein, B., Shields, C.L., Shields, J.A., Needle, M.,
Miller, D., Bunin, G.R., Meadows, A.T., 2000. Chemoreduction and local
ophthalmic therapy for intraocular retinoblastoma. J. Clin. Oncol. 18,
12–17.

rafe, F., Wohlrab, W., Neubert, R.H., Brandsch, M., 2003. Transport of
biotin in human keratinocytes. J. Invest. Dermatol. 120, 428–433.
Ganapathy, V., 1999. Molecular and functional characterization of the
intestinal Na+-dependent multivitamin transporter. Arch. Biochem. Bio-
phys. 366, 95–106.

uertas Bordallo, D., Martin Reyes, C., Ruiz-Falco Rojas, M.L., Duat
Rodriguez, A., Valls Ferran, M.I., 2004. Optic neuropathy in biotinidase
deficiency. Arch. Soc. Esp. Oftalmol. 79, 393–396.

amanathan, S., Pooyan, S., Stein, S., Prasad, P.D., Wang, J., Leibowitz, M.J.,
Ganapathy, V., Sinko, P.J., 2001a. Targeting the sodium-dependent multi-
vitamin transporter (SMVT) for improving the oral absorption properties
of a retro-inverso Tat nonapeptide. Pharm. Res. 18, 950–956.

amanathan, S., Qiu, B., Pooyan, S., Zhang, G., Stein, S., Leibowitz, M.J.,
Sinko, P.J., 2001b. Targeted PEG-based bioconjugates enhance the cellular
uptake and transport of a HIV-1 TAT nonapeptide. J. Control Release 77,
199–212.

aid, H.M., 1991. Movement of biotin across the rat intestinal basolateral
membrane. Studies with membrane vesicles. Biochem. J. 279, 671–674.

aid, H.M., 1999. Cellular uptake of biotin: mechanisms and regulation. J.
Nutr. 129, 490S–493S.

aid, H.M., Hoefs, J., Mohammadkhani, R., Horne, D.W., 1992. Biotin trans-
port in human liver basolateral membrane vesicles: a carrier-mediated.
Na+-gradient-dependent process. Gastroenterology 102, 2120–2125.

aid, H.M., Ortiz, A., McCloud, E., Dyer, D., Moyer, M.P., Rubin, S., 1998.
Biotin uptake by human colonic epithelial NCM460 cells: a carrier-
mediated process shared with pantothenic acid. Am. J. Physiol. 275,
C1365–C1371.

hields, C.L., Honavar, S.G., Meadows, A.T., Shields, J.A., Demirci, H.,
Singh, A., Friedman, D.L., Naduvilath, T.J., 2002. Chemoreduction plus
focal therapy for retinoblastoma: factors predictive of need for treatment
with external beam radiotherapy or enucleation. Am. J. Ophthalmol. 133,
657–664.

inko, T., Paranjpe, P.V., Qiu, B., Lalloo, A., Won, R., Stein, S., Sinko,
P.J., 2002. Enhancing the anticancer efficacy of camptothecin using
biotinylated poly(ethylene glycol) conjugates in sensitive and multidrug-
resistant human ovarian carcinoma cells. Cancer Chemother. Pharmacol.
50, 143–150.

weetman, L., Nyhan, W.L., 1986. Inheritable biotin-treatable disorders and
associated phenomena. Annu. Rev. Nutr. 6, 317–343.



52 V. Kansara et al. / International Journal of Pharmaceutics 312 (2006) 43–52

Tombran-Tink, J., Li, A., Johnson, M.A., Johnson, L.V., Chader, G.J.,
1992. Neurotrophic activity of interphotoreceptor matrix on human Y79
retinoblastoma cells. J. Comp. Neurol. 317, 175–186.

Valenciano, A.I., Mayordomo, R., de La Rosa, E.J., Hallbook, F., 2002. Biotin
decreases retinal apoptosis and induces eye malformations in the early
chick embryo. Neuroreport 13, 297–299.

Yorek, M.A., Dunlap, J.A., Spector, A.A., Ginsberg, B.H., 1986. Effect of
ethanolamine on choline uptake and incorporation into phosphatidyl-

choline in human Y79 retinoblastoma cells. J. Lipid Res. 27, 1205–
1213.

Zempleni, J., Mock, D.M., 1998. Uptake and metabolism of biotin by
human peripheral blood mononuclear cells. Am. J. Physiol. 275, C382–
C388.

Zempleni, J., Mock, D.M., 1999. Human peripheral blood mononuclear cells:;
Inhibition of biotin transport by reversible competition with pantothenic
acid is quantitatively minor. J. Nutr. Biochem. 10, 427–432.


	Biotin uptake and cellular translocation in human derived retinoblastoma cell line (Y-79): A role of hSMVT system
	Introduction
	Materials and methods
	Materials
	Cell culture
	Uptake experiments
	Time and concentration dependence
	Ion and energy dependence
	pH and temperature dependence
	Substrate speci .city
	trans-stimulation study
	Intracellular regulation

	RT-PCR analysis
	Computer analysis
	Data analysis
	Statistical analysis
	Results
	Uptake studies
	Time and concentration dependence
	Ion and energy dependence
	pH and temperature dependence
	Substrate speci .city
	trans-stimulation studies
	Role of intracellular regulatory pathways
	RT-PCR analysis


	Discussion

	Acknowledgement
	References


