
A

u
v
f
u
(
i
8
f
t
a
e
e
t
©

K

1

r
I
n
o
2
c
i
w

c
T

0
d

Available online at www.sciencedirect.com

International Journal of Pharmaceutics 355 (2008) 210–219

Folic acid transport via high affinity carrier-mediated system
in human retinoblastoma cells

Viral Kansara, Durga Paturi, Shuanghui Luo, Ripal Gaudana, Ashim K. Mitra ∗
Division of Pharmaceutical Sciences, School of Pharmacy, University of Missouri-Kansas City,

5005 Rockhill Road, Kansas City, MO 64110-2499, USA

Received 23 May 2007; received in revised form 7 December 2007; accepted 10 December 2007
Available online 23 December 2007

bstract

The primary objective of this study was to investigate the expression of a specialized carrier-mediated system for folic acid and to delineate its
ptake mechanism and intracellular trafficking in a human derived retinoblastoma cell line (Y-79). Uptake of [3H]Folic acid was determined at
arious concentrations, pH, temperatures, in the absence of sodium and chloride ions and in the presence of structural analogs, methyltetrahydro
olate (MTF) and methotrexate (MTX), vitamins, membrane transport and metabolic inhibitors to delineate the mechanism of uptake. Kinetics of
ptake was studied in the presence of various intracellular regulatory pathways; protein kinases A and C (PKA and PKC), protein tyrosine kinase
PTK) and calcium–calmodulin modulators. Reverse transcription polymerase chain reaction (RT-PCR) was performed to confirm the molecular
dentity of folate carrier systems. The uptake was found to be linear up to 30 min. The rate of uptake followed saturation kinetics with apparent Km of
.29 ± 0.74 nM, 17.03 ± 1.98 nM and 563.23 ± 115.2 nM and Vmax of 393.47 ± 9.33, 757.58 ± 26.21 and 653.17 ± 31.7 fmol/(min mg) protein for
olic acid, MTF and MTX, respectively. The process was chloride, temperature and energy dependent but sodium and pH independent; inhibited by
he structural analogs MTF and MTX but not by structurally unrelated vitamins. Membrane transport inhibitors did not affect the uptake of [3H]Folic

3
cid, however endocytic inhibitor, colchicine, significantly inhibited the [ H]Folic acid uptake indicating the involvement of receptor mediated
ndocytosis process. PKC, PTK and Ca2+/calmodulin pathways appeared to play important roles in the regulation of folic acid uptake. Molecular
vidence of the presence of folate receptor (FR) precursor was identified by RT-PCR analysis. This research work demonstrated, for the first time,
he functional and molecular existence of a specialized high affinity carrier-mediated system for folic acid uptake, in human retinoblastoma cells.

2008 Published by Elsevier B.V.
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. Introduction

Folic acid, an essential water-soluble vitamin, plays a vital
ole in growth, differentiation and homeostasis of retinal cells.
t acts as a coenzyme in the synthesis of purine and pyrimidine
ucleotide precursors of DNA and RNA, interconversion and
ne-carbon metabolism of several amino acids (Brzezinska et al.,
000). Due to its critical role in visual system development, defi-

iency of this essential micronutrient result in visual disorders
ncluding nutritional amblyopia (Golnik and Schaible, 1994)
hich leads to reduced central vision, loss of papillomacular-
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el.: +1 816 235 1615; fax: +1 816 235 5779.

E-mail address: mitraa@umkc.edu (A.K. Mitra).

m
v
p
p
n
2
i
T
b

378-5173/$ – see front matter © 2008 Published by Elsevier B.V.
oi:10.1016/j.ijpharm.2007.12.008
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undle fibers, scotoma, pallor of the optic disk and optic atrophy.
olic acid deficiency in retinal cells may cause retinal edema,
ysfunction and damage of photoreceptor cells and may also
ead to methanol-induced retinal toxicity by decreasing the

etabolism of formic acid, a neurotoxic metabolite of methanol
Seme et al., 1999).

Mammalian cells including retinal cells cannot synthesize
olic acid and therefore rely on exogenous source for their
etabolic requirements. Despite the fact that retina is a highly

ascularized tissue, presence of blood retinal barriers encom-
assing endothelial cells of the retinal capillary and retinal
igment epithelium (RPE), regulate the exchange of various
utrients between circulation and neural retina (Duvvuri et al.,

003). Therefore, nutrients including folates must be taken up
nto the retinal cells by specific transport systems (Sirotnak and
olner, 1999). Two general categories of transport systems have
een identified for the entry of folic acid into the mammalian

mailto:mitraa@umkc.edu
dx.doi.org/10.1016/j.ijpharm.2007.12.008
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ells (Brzezinska et al., 2000) which includes reduced folate
arrier (RFC) and folate receptor (FR). RFC is a bidirectional
ransporter with a twelve transmembrane-spanning domains.
FC exhibits very high affinity for reduced folates and moderate

o poor affinity for non-reduced folates. FR is a cell membrane
nchored protein with a mass of 38–40 kDa. FR interacts with
olic acid much more efficiently with a high affinity than with
educed folates (Brigle et al., 1994; Shen et al., 1995; Spinella
t al., 1995).

Recently, Bridges et al. have studied the translocation of
olic acid across RPE and suggested that folic acid is trans-
erred from the chorio-capillaries to the adjacent photoreceptor
ells by the concerted action of RFC in the apical membrane
nd FR in the basal membrane (Bridges et al., 2002). However,
ptake mechanism and translocation of folic acid into the neu-
al retina are not well understood despite its critical role in the
rowth and development of retina. Although many studies have
ocused on the mechanism of folic acid uptake in various tis-
ues such as intestine (Itoh et al., 2001; Kumar et al., 1997),
idney (Birn et al., 2005), placenta (Bisseling et al., 2004),
ancreas (Nabokina et al., 2004) and cell lines derived from
arious species (human and rabbit), the process of intracellular
rafficking in the retina has not been clearly delineated. Recent
eport by Yoo and Park (2004) suggested that folate-receptor-
argeted doxorubicin nano-aggregrates could be a potentially
seful delivery system for folate-receptor-positive cells. Folic
cid conjugated pegylated polyplexes has been shown to gener-
te higher transfection efficiency and targeted gene delivery (van
teenis et al., 2003). Due to the over expression in most tumor
ells, folate receptor has been considered an attractive target for
umor-selective anti-cancer drug/prodrugs design, protein and
ene delivery systems (Benns et al., 2001; Leamon and Low,
001; Shinoda et al., 1998).

Therefore, the objective of this study was to investigate the
resence of a carrier-mediated system for folic acid on the neural
etina and to delineate mechanism, intracellular regulation and
ossible role of high affinity FR in the uptake of folic acid by
etinal cells. A human retinoblastoma cell line, Y-79, has been
elected as a model for retinoblastoma. Y-79 is a multipotential
eural cell line derived from a tumor of the inner retinal layers
f the retina (Yorek et al., 1986). Several studies have provided
vidence that this cell line is a primitive neuroctodermal line that
ontains both neuronal and glial characteristics and therefore, is
potentially useful cellular model of the human retina (Kyritsis
t al., 1984). Kansara et al. (2005, 2006) have characterized
itamin transporters using Y-79 cells, as an in vitro model for
uman retinal cells.

. Materials and methods

.1. Materials

[3H]Folic acid (50 Ci/mmol) was purchased from Perkin-

lmer (Boston, MA). Unlabelled folic acid, methyltetrahy-
rofolate (MTF), methotrexate (MTX), biotin, ascorbic
cid, riboflavin, pantothenic acid, sodium azide, ouabain,
,4-dinitrophenol, protein tyrosine kinase (PTK) modulators

p
n
o
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genistin and genistein), protein kinase (PKC and PKA) pathway
odulators (bisindolylymaleimide I, phorbol-12-myristate-13-

cetate, forskolin, and 3-isobutyl-1-methylxanthine (IBMX)),
alcium–calmodulin pathway modulators (calmidazolium,
N-62 and trifluoperazine), probenecid, 4,4′-di-isothio-

yanatostilbene-2,2′-disulphonic acid (DIDS), 4-acetamido-4′-
sothiocyanostilbene-2,2′-disulfonic acid (SITC), colchicine,
holine chloride, Triton X-100, HEPES, d-glucose and all
ther chemicals were purchased from Sigma Chemical Co. (St.
ouis, MO). All chemicals were of special reagent grade and
sed without further purification.

.2. Cell culture

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

0% relative humidity.

.3. Uptake studies

Uptake studies were performed according to previously pub-
ished methods (Kansara et al., 2006) with minor modifications.
ollowing centrifugation cells were acid washed three times
ith a Dulbecco’s phosphate-buffered saline (DPBS), pH 3.5,

ontaining 130 mM NaCl, 0.03 mM KCl, 7.5 mM Na2HPO4,
.5 mM KH2PO4, 1 mM CaCl2, 0.5 mM Mg SO4, and 5 mM
lucose to remove endogenous folates bound to FR at the cell
urface. Cells were then washed with DPBS, pH 7.4, at 0 ◦C and
esuspended in uptake buffer, DPBS, pH 7.4. Aliquots of approx-
mately 5 × 106 cells were then preincubated in 1 ml DPBS for
0 min at 37 ◦C. Folic acid uptake was initiated by the addition
f a fixed amount of [3H]Folic acid. Cells were incubated for
suitable time period at 37 ◦C. At the end of each experiment

ubes were immediately centrifuged, the solution was aspirated
ff and cells were washed with 3× 1 ml of ice-cold stop solu-
ion (210 mM KCl, 2 mM HEPES), pH 7.4, to arrest the reaction.
ells were then solubilized in 1 ml of 0.1% Triton-X solution

n 1% NaOH and an aliquot was then transferred to scintilla-
ion vials containing 5 ml of scintillation cocktail. Radioactivity
ssociated with the cells was quantified using a scintillation
ounter (Beckman Instruments Inc., Model LS-9000, Fullerton,
A) and the protein content of each sample measured by the
ethods of Bradford using bovine serum albumin as the stan-

ard (Bio-Rad Protein Estimation Kit, Hercules, CA, USA). Cell
iability under all treatment conditions was monitored by the try-
an blue exclusion test and was routinely observed to be between
0 and 95%.

.3.1. Time and concentration dependency

Uptake of [3H]Folic acid was carried out over various time

eriod (1, 2, 5, 10, 20 and 30 min) to determine optimum time
ecessary for influx (uptake) studies. To assess the contribution
f a carrier-mediated system of folic acid, various concentra-
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ions of unlabeled folic acid and MTF (0.1–100 nM) and MTX
0.01–10 �M) solutions were prepared in DPBS, pH 7.4, and
hen spiked with fixed amount of [3H]Folic acid. Uptake exper-
ments were carried out as described previously.

.3.2. Effect of pH and temperature
Buffer pH was adjusted to 5, 6, 7.4, and 8 for pH dependence

tudies. In order to study the effect of temperature on uptake
f [3H]Folic acid, buffer temperatures were adjusted to 4 ◦C,
oom temperature (20 ◦C), and 37 ◦C. Uptake of [3H]Folic acid
10 nM) was then carried out under various pH and temperature
onditions.

.3.3. Role of ions, energy and membrane transport
nhibitors

Effect of sodium ion was examined by adding equimo-
ar quantities of potassium, ammonium and choline chloride
o substitute sodium chloride (NaCl) and sodium phosphate

onobasic (Na2HPO4), in DPBS, pH 7.4. Effect of chlo-
ide ion was studied by incorporating equimolar quantities of
odium phosphate dibasic (NaH2PO4), potassium phosphate
KH2PO4), and calcium acetate as substitute for NaCl, potas-
ium chloride (KCl) and calcium chloride (CaCl2), respectively.
o delineate the energy dependence, cells were preincubated
ith metabolic inhibitors (1 mM), like ouabain (an inhibitor of
a+/K+-ATPase), 2,4-dinitrophenol (intracellular ATP reducer)

nd sodium azide (an inhibitor of oxidative phosphorylation),
or 1 h. To study the effect of the anion transport inhibitors
n folic acid uptake, cells were preincubated with probenecid,
IDS, SITC at 0.5 mM concentration. To delineate the uptake
echanism, cells were incubated with an endocytic inhibitor,

olchicine (100 �M). Uptake was then carried out as described
arlier with buffer solutions containing [3H]Folic acid (10 nM).

.3.4. Substrate specificity
To delineate the structural requirements for interactions with

olate carrier system, uptake studies were carried out in the
resence of vitamins and structural analogs. The unlabeled
ompetitor was simultaneously incubated with the respective
adiolabeled folic acid (10 nM). Unlabeled vitamins (ascorbic
cid, biotin, pantothenic acid, riboflavin and niacin) were used
t a concentration of 10 �M. Unlabeled folic acid and structural
nalogs (MTF and MTX) at a concentration of 0.1 and 1 �M
ere employed in these studies.

.3.5. trans-Stimulation study
Cells were preincubated with 1 ml DPBS buffer (control) or

ml DPBS buffer containing unlabeled folic acid, ranging from
to 100 �M, at 37 ◦C for 30 min. Cells were then rinsed with ice-
old buffer before the uptake of [3H]Folic acid were performed
s described previously.
.3.6. Intracellular regulation
Involvement of intracellular regulatory pathways such as pro-

ein kinase C (PKC), protein kinase A (PKA), protein tyrosine
inase (PTK), and Ca2+/calmodulin-mediated pathways in the

e

V
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egulation of [3H]Folic acid uptake into Y-79 cells was inves-
igated. Cells were preincubated for 1 h separately with PKC
athway activator (phorbol 12 myristate 13-acetate), or with the
KC pathway inhibitor (bisindolylmaleimide I), PTK pathway
odulators (genistein and genistin), PKA pathway modulators

ctivators (IBMX and forskolin and specific inhibitor, H-89),
almodulin inhibitors (calmidazolium and tri-fluoperazine) and
a+2/calmodulin dependent protein kinase II inhibitor (KN-62).
olutions of these modulating agents were prepared in DMSO or
bsolute ethanol (final concentration of the organic solvent was
ess than 1%, v/v). Cells were incubated for 1 h and uptake was
nitiated by adding [3H]Folic acid (10 nM). An identical amount
f drug-dissolving vehicle (DMSO or ethanol) was incorporated
n the bathing medium for control studies to determine the effect
f these solvents on untreated cells.

.4. Molecular evidence: RT-PCR analysis

Total RNA was isolated from Y-79 cells using Trizol®

eagent (Invitrogen) by a standard protocol. Briefly, cells were
ysed by adding 800 �l of Trizol reagent. The lysate was then
ransferred to Eppendorf tubes. RNA was extracted by the
henol–CHCl3–isopropranolol method, purified, and dissolved
n 50 �l of RNase–DNase-free water. For single strand cDNA
ynthesis, 5 �g total RNA was reverse transcribed according to a
tandard protocol using MMLV-Reverse transcriptase (Promega,

adison, WI). The conditions for reverse transcription were
enaturation of template RNA for 2 min at 94 ◦C and reverse
ranscription for 60 min at 72 ◦C. Amplification was performed
sing 1 �g cDNA and primers used for the amplification were:
orward 5′-GTG TCG ACC CTG GAG GAA GA-3′ and reverse
′-GCA CGT TCA GTA CCC GCT CCT CT-3′. PCR conditions
ere as follows: denaturation (94 ◦C, 45 s), annealing (55 ◦C,
min), and extension (72 ◦C, 45 s) for 35 amplification cycles,

ollowed by a final extension of 72 ◦C for 10 min. The product
as separated by gel electrophoresis using 3% agarose gel and
isualized by chemiluminescence.

.5. Computer analysis

Nucleotide sequence homology matching was performed
ith a basic local alignment search tool (BLAST) via on-line

onnection to the National Center of Biotechnology Informa-
ion (NCBI). Multiple nucleotide sequence comparisons were
one using CLUSTAL W (1.81) multiple sequence alignment
ool from Swiss-Prot.

.6. Data analysis

Uptake data was fitted to a modified Michaelis–Menten
quation (Eq. (1)). This equation takes into account the
arrier-mediated process (as describe by the Michaelis–Menten

quation) and a linear non-saturable diffusional process:

= Vmax[C]

Km + [C]
+ Kd[C] (1)
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here V is the total rate of uptake, Vmax is the maximal uptake
ate for the carrier-mediated process, Km (Michaelis–Menten
onstant) is the concentration at half-saturation, C is the substrate
oncentration, Kd represents rate constant for the non-saturable
iffusion component and Kd[C] represents the nonsaturable
omponent, whereas the saturable component of total uptake
s given by (Vmax[C])/(Km + [C]). Data were fitted to above
quation with a nonlinear least square regression analysis pro-
ram (Kaleida Graph Version 3.09, Synergy Software, PA). The
inetic parameters, calculated with Kaleida Graph, were substi-
uted into Eq. (1) to determine the contribution of the saturable
nd nonsaturable components. The quality of the fit was deter-
ined by evaluating the coefficient of determination (R2), the

tandard error of parameter estimates, and by visual inspection
f the residuals.

.7. Statistical analysis

All experiments were conducted at least in quadruplicate and
esults are expressed as mean ± S.D. unless otherwise specified.

ichaelis–Menten parameters Km and Vmax are expressed as
ean ± S.E. Unpaired Student’s t-test was applied to calculate

tatistical significance. A difference between mean values was
onsidered significant if p < 0.05.

. Results

.1. Identification and functional characterization of folate
arrier system

.1.1. Time and concentration dependent uptake
Time dependent uptake of [3H]Folic acid was carried out with

-79 cells. Uptake was found to be linear up to 30 min (r2 = 0.99)
nd occurred at a rate of 27.45 ± 2.36 fmol/(min mg) protein.
ased on these results, 10 min incubation time was selected

s the standard uptake period for all the experiments (unless
therwise specified).

The presence of a carrier-mediated folic acid uptake system
n the Y-79 cell line was determined by assessing the uptake

N
t
a
u

able 1
ffects of pH and temperature and role of ions in the uptake of [3H]Folic acid in Y-7

haracteristics Conditions

H

5.0
6.0
7.4
8.0

emperature (◦C)
37
22
4

odium ions

Control (Na+)
Na+ → K+

Na+ → choline
Na+ → NH4

+

hloride ions
Control (Cl−)
Cl− → PO4

3− and CH3COO−

alues are expressed as means ± S.D.
Pharmaceutics 355 (2008) 210–219 213

inetics of folic acid in the presence of unlabeled folic acid,
TF and MTX. Analysis of total [3H]Folic acid uptake data

eveals that the uptake mechanism consisted of two pathways:
saturable pathway at low concentrations and an apparently

onsaturable (passive) pathway that dominated at higher con-
entrations above 0.1 �M for folate and MTF and 10 �M
or MTX (Fig. 1). Saturable and nonsaturable components
ere determined by substituting the values of the kinetic con-

tants into Michaelis–Menten equation. Uptake by the saturable
omponents was determined by subtracting the diffusional com-
onent from the total uptake at each concentration. After fitting
he data to modified Michaelis–Menten equation, an uptake pro-
ess with apparent Km of 8.29 ± 0.74 nM, 17.03 ± 1.98 nM and
63.23 ± 115.2 nM and Vmax of 393.47 ± 9.33, 757.58 ± 26.21
nd 653.17 ± 31.7 fmol/(min mg) protein for folic acid, MTF
nd MTX, respectively.

.1.2. pH and temperature dependence
To examine the potential involvement of a hydrogen-coupled

ptake pathway, incubation media with pH over a range of 5–8
ere prepared by adjusting the pH of DPBS. No statistically

ignificant difference was observed in the uptake of folic acid as
function of pH (Table 1). Therefore all experiments were car-

ied out at pH 7.4. To determine temperature dependence of the
ransport mechanism, uptake of [3H]Folic acid was performed
t different temperatures. The rates of uptake were reduced by
6.6 and 53.4% at 20 and 4 ◦C, respectively, relative to 37 ◦C
ndicating that folic acid uptake is temperature dependant and
he process works optimally at physiological temperature, 37 ◦C
Table 1).

.1.3. Role of ions, energy and membrane transport
nhibitors

In order to investigate ion dependency, Na+ ions in the
athing media was replaced with equimolar quantity of K+,

H4

+ and choline chloride and Cl− ions with salts of alterna-
ive organic and inorganic monovalent anions (phosphate and
cetate). Significant inhibition (46.62%) was observed in the
ptake of [3H]Folic acid when chloride ion was substituted

9 cells

No. of replicates Uptake (fmol/(min mg) protein)

5 28.61 ± 4.98
5 22.71 ± 1.71
5 25.11 ± 3.18
5 24.13 ± 2.76

4 27.51 ± 3.07
4 20.19 ± 1.99
4 12.82 ± 1.81

5 27.52 ± 3.51
5 21.98 ± 3.45
5 28.06 ± 2.51
5 24.90 ± 3.08

5 24.77 ± 3.67
5 13.22 ± 0.95
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ig. 1. Uptake of [3H]Folic acid by Y-79 cells as a function of substrate concen
alculated fit of the data to modified Michaelis–Menton equation as described in S
solid line; the estimated passive component is deducted from the total uptake. Ea

ith phosphate and acetate, indicating that the uptake process
s highly depend on the presence of Cl− ions. However, no
ignificant difference was observed in the uptake of [3H]Folic

cid in the absence of Na+ ions (Table 1).

We further studied the effect of metabolic inhibitors on the
ptake of [3H]Folic acid. A Na+/K+-ATPase inhibitor (ouabain),

b
s
n

able 2
ffects of energy inhibition by metabolic inhibitors (ouabain, DNP and sodium azi
ndocytic inhibitor (colchicine) on the uptake of [3H]Folic acid in Y-79 cells

haracteristics Conditions

ontrol –

etabolic inhibitors
Ouabain (1 mM)
DNP (1 mM)
Na-azide (1 mM)

embrane transport inhibitors
Probenacid (0.5 mM)
DIDS (0.5 mM)
SITC (0.5 mM)

ndocytic inhibitor Colchicine (100 �M)

alues are expressed as means ± S.D. DNP, 2,4-di-nitrophenol; DIDS, 4,4′-diisothioc
,2′-disulfonic acid.
at 37 ◦C, pH 7.4. (A) MTF; (B) MTX; (C) folic acid. Solid line represents the
2. The estimated active component to the total folic acid uptake is simulated with

a point represents the mean ± S.D. of four to five separate uptake determinations.

ntracellular ATP reducer (2,4-dinitrophenol; DNP) and oxida-
ive phosphorylation inhibitor (sodium azide) were employed
s metabolic inhibitors. The uptake was significantly inhibited

y 44.1 and 53.7% as compared to control in the presence of
odium azide and DNP, respectively (Table 2). However, no sig-
ificant difference was observed in the [3H]Folic acid uptake

de), membrane anion exchanger inhibitors (probenacid, DIDS and SITC) and

No. of replicates (n) Uptake (fmol/(min mg) protein)

6 28.51 ± 2.91

6 21.32 ± 0.98
6 15.94 ± 2.77
6 13.20 ± 3.55

4 27.32 ± 2.71
4 29.02 ± 2.41
4 22.01 ± 1.33

5 5.21 ± 1.01

yanostilbene-2,2′-disulfonic acid; SITC, 4-acetamido-4′-isothiocyanostilbene-
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1 h with compounds that are known to increase intracellular
cAMP levels (3-isobutyl-1-methylxanthine and forskolin) thus
activating PKA. Results presented here suggest that 3-isobutyl-
1-methylxanthine and forskolin significantly (p < 0.05) inhibit
V. Kansara et al. / International Journ

n the presence of ouabain (1 mM). Role of membrane trans-
orter inhibitors was investigated by incubating the cells with
robenecid, DIDS and SITC at 0.5 mM. No significant change in
he uptake of [3H]Folic acid was observed indicating that anion
xchanger may not be involved in the uptake of folic acid. More-
ver, significant inhibition (80.21%) of [3H]Folic acid uptake in
he presence of 100 �M colchicine suggests the involvement of
eceptor mediated endocytic process.

.1.4. Substrate specificity
To investigate the substrate specificity of the saturable

ptake process, we studied the effects of various struc-
ural analogs on [3H]Folic acid uptake in Y-79 cells. The
ptake rate was found to be 24.48 ± 2.41, 3.06 ± 0.61,
.32 ± 0.44, 4.27 ± 0.67, 2.69 ± 0.56, 8.60 ± 0.95, 5.57 ± 1.56,
5.96 ± 4.18, 22.81 ±2.30, 23.79 ± 0.46, 25.53 ± 2.52 and
1.76 ± 3.83 fmol/(min mg) protein for control and in the pres-
nce of folic acid (0.1 �M), folic acid (1 �M), MTF (0.1 �M),
TF (1 �M), MTX (0.1 �M), MTX (1 �M), biotin (10 �M),

antothenic acid (10 �M), riboflavin (10 �M), niacin (10 �M)
nd ascorbic acid (10 �M), respectively. As shown in Fig. 2, 87.5
nd 94.6% of [3H]Folic acid uptake was blocked in the presence
f 0.1 and 1 �M of unlabeled folic acid, respectively. Signif-
cant inhibition in the uptake of [3H]Folic acid was observed
ith MTF (82.6 and 89.1%) and MTX (64.8 and 77.2%) at a

oncentration of 0.1 and 1 �M. None of the unlabeled vitamins
biotin, pantothenic acid, riboflavin, niacin and ascorbic acid)
howed any effect on the uptake of [3H]Folic acid.

.1.5. trans-Stimulation studies
Cells were preincubated with 1 ml of DPBS buffer (control)

r 1 ml of DPBS buffer plus unlabeled folic acid (1–100 �M)
nd the uptake of [3H]Folic acid was measured. If the uptake

s a bidirectional transport system, the efflux rate of [3H]Folic
cid would be expected to be higher in the control compared
ith cells preincubated with unlabeled folic acid. As shown in
ig. 3, no significant difference was observed in the [3H]Folic

ig. 2. Substrate specificity of uptake of [3H]Folic acid (10 nM) by Y-79 cells
n presence of structurally related and unrelated anagoges. Each data point rep-
esents the mean ± S.D. of four to five separate uptake determinations. Asterisk
*) represents significant difference from control (p < 0.05).
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ig. 3. trans-Stimulation study of [3H]Folic acid uptake by Y-79 cells. Uptake is
xpressed as a percentage of control. Each data point represents the mean ± S.D.
f four to five separate uptake determinations.

cid uptake between control and cells preincubated with folic
cid (1–100 �M).

.1.6. Role of intracellular regulatory pathways
The role of Ca+2/calmodulin-mediated pathways in the reg-

lation of [3H]Folic acid uptake was examined by pretreating
hese cells for 1 h with the calmodulin inhibitors (calmidazolium
nd tri-fluoperazine) and with the inhibitor of Ca2+/calmodulin
ependent protein kinase II (KN-62). These compounds caused
significant (p < 0.05) and concentration dependent inhibition

n folic acid uptake (Table 3). Involvement of a PKA-mediated
athway in the regulation of folic acid uptake was stud-
ed by examining the effect of pretreating Y-79 cells for
able 3
ffect of Ca2+/calmodulin-mediated pathways modulators on the uptake of

3H]Folic acid in Y-79 cells

odulators (�M) Uptake (fmol/(min mg) protein)

ontrol 28.61 ± 4.98

almidazolium
10 22.19 ± 3.01*

50 16.87 ± 2.11*

100 11.97 ± 1.59*

250 7.38 ± 0.91*

FP
10 22.03 ± 0.92
100 19.87 ± 1.29*

250 12.06 ± 1.13*

N-62
0.1 27.11 ± 3.04
1 18.91 ± 2.90*

10 9.09 ± 1.52*

n these studies cells were preincubated with 1 ml of Ca2+/calmodulin-mediated
athway modulators (calmidazolium, TFP and KN-62) and the uptake of
3H]Folic acid was measured. Values are means ± S.E. of five separate uptake
eterminations.
* Significant difference from control (p < 0.05).
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Table 4
Effect of PKA pathway modulators on the uptake of [3H]Folic acid in Y-79 cells

Modulators (�M) Uptake (fmol/(min mg) protein)

Control 23.11 ± 3.19

IBMX
0.1 21.44 ± 1.30
1 18.09 ± 0.97*

2.5 15.07 ± 2.48*

5 10.83 ± 1.01*

IBMX (2.5 �M) + H-89 (100 �M) 25.18 ± 1.91

Forskolin
1 24.08 ± 3.11
10 19.71 ± 2.09
50 13.29 ± 0.97*

100 10.01 ± 2.17*

Forskolin (50 �M) + H-89 (100 �M) 22.17 ± 3.15

In these studies cells were preincubated with 1 ml of PKA pathway modulators
(
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Fig. 4. Molecular identity of folate carrier systems in Y-79 cells at the mRNA
level. PCR product obtained using RFC and FR alpha-specific primers and total
RNA isolated from Y-79 cells. Aliquots of PCR products were analyzed by gel
e
a
p

a
b

3

IBMX, H-89 and Forskolin) and the uptake of [3H]Folic acid was measured.
alues are means ± S.E. of five separate uptake determinations.
* Significant difference from control (p < 0.05).

ptake of [3H]Folic acid in a concentration dependent manner.
he effect of the specific PKA inhibitor H-89 on the folic acid
ptake was also examined. Forskolin and IBMX induced PKA
ctivity was abolished by H-89 (Table 4). Reduction of folic acid
ptake by cAMP modulators suggests involvement of cAMP-
ependent protein kinase A (PKA) pathways in the regulation
f membrane folic acid transport. In another study, we examined
he involvement of PTK pathway in the regulation of folic acid
ptake in Y-79 cells which were pretreated for 1 h with the PTK
nhibitors, genistein, before initiating uptake of [3H]Folic acid.
enistin is considered as a negative control for this inhibitor. No

ignificant difference was observed in the uptake of [3H]Folic
cid in the presence of genistein (10–100 �M) or genistin. To
elineate the possible role of PKC, uptake was studied by exam-
ning the effect of pretreating Y-79 cells for 1 h with PKC

ctivator, phorbol-12-myristate-13-acetate (PMA) alone or with
he PKC inhibitors, bisindolylmaleimide I. The PKC activa-
or, PMA (1–100 �M), significantly (p < 0.05) inhibit the folic

able 5
ffect of PKC pathway modulators on the uptake of [3H]Folic acid in Y-79 cells

odulators (�M) Uptake (fmol/(min mg) protein)

ontrol 25.17 ± 2.16

MA
10 20.01 ± 1.21*

50 14.29 ± 2.64*

100 10.72 ± 1.43*

MA (100 �M) + bisindolylmaleimide I
10 27.03 ± 3.11
50 21.92 ± 2.92
100 23.02 ± 1.56

n these studies cells were preincubated with 1 ml of PKC pathway activator
phorbol-12-myristate-13-acetate) and PKC pathway inhibitor (bisindolyl-
aleimide I) and the uptake of [3H]Folic acid was measured. Values are
eans ± S.E. of five separate uptake determinations.
* Significant difference from control (p < 0.05).
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lectrophoresis on 3% agarose gel. Ethidium bromide staining of the gel showed
major ∼385 bp (lane 2) band corresponding to the amplified folate receptor

recursor mRNA. Lane 1 represents 1-kbp DNA ladder.

cid uptake. The inhibitory effect of PMA was abolished by
isindolylmaleimide I at a concentration of ≥50 �M (Table 5).

.2. Molecular evidence: RT-PCR analysis

The expression of the folate carrier systems in Y-79 cells at
he mRNA level was determined by RT-PCR analysis. The PCR
roduct was sequenced in both directions. A major band (385 bp)
orresponding to the amplified folate receptor precursor mRNA
GenBank accession no. NT 033927.7) was observed (Fig. 4)
y gel electrophoresis. The BLAST analysis showed that the
rimers used in this study can result in a PCR product size of
85 bp by binding to the folate receptor precursor mRNA.

. Discussion

Human retina is a delicate organization of neurons, glia
nd nourishing blood vessels. Folic acid, a fundamental water-
oluble vitamin, is essential for the survival of retinal cells
ince it is required for the synthesis of purine and pyrimi-
ine based sysnthesis of nucleic acids, DNA and RNA (Prasad
t al., 1995). Various reports have examined the critical role

f folates in cellular homeostasis and pathological condi-
ions of retina including retinoblastoma. Treatment strategies
or retinoblastoma have gradually changed over the past few
ecades. Systemic chemotherapy (chemoreduction) in the treat-
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ent of intraocular tumors has succeeded to a certain extent
n conjunction with cryotherapy or photocoagulation (Friedman
t al., 2000; Shields et al., 2002). Various nutrient transporters
peptide, amino acids, glucose, monocarboxylic acid, nucleoside
nd nucleobase, organic anion and organic cation transporters),
resent on the retina, have been known to play an important role
n tissue nutrition and regulation of endogenous and exogenous
ubstances (Duvvuri et al., 2003). A specific carrier-mediated
ystem for folic acid, if expressed on the retina, may be targeted
ollowing systemic and intravitreal administration to generate
nhanced drug concentration in the retina.

A carrier-mediated transport system for folic acid has been
ell studied in various tissues including placenta, intestine, kid-
ey, lungs, choroid plexus, liver and thyroid (Sabharanjak and
ayor, 2004). Presence of folate receptor has been investigated

n the buccal carcinoma cell line (KB cells) (Ross et al., 1994),
varian cancer (Miotti et al., 1995) and brain tumors (Weitman et
l., 1992). Recently, Smith et al. (1999b) have analyzed the func-
ion, expression and distribution of two folate transport proteins
n RPE. These studies have also demonstrated the polarized dis-
ribution of these two proteins in intact mammalian mouse retina
nd in cultured human RPE cells (ARPE-19). Various studies
uggested that FR� is anchored to the basolateral side of the
PE whereas RFT-1 is distributed on the apical surface of the
PE (Smith et al., 1999a). Based on cellular distribution on the
PE, Smith et al. have hypothesized that FR� and RFT-1 func-

ion in a coordinated manner to perform the vectorial transfer of
olate across the RPE cells. To date, however, only the transfer
f folate on the RPE has been investigated in retinal tissue, but
xact mechanism of uptake and intracellular regulation of folic
cid translocation from RPE to the neural retina has not been
tudied.

Various studies suggested over expression of FR in the malig-
ant cells and relatively low expression in most normal tissues.
hese differential expressions offer the development of diagnos-

ic agents and folate receptor-mediated tumor targeted therapy
n the treatment of various cancers (Theti and Jackman, 2004).
isruption of folate metabolism has long been known to inhibit

ell growth and has been established as a target in chemother-
py with the use of antifolates (Brzezinska et al., 2000). Several
ntifolate drugs have high affinity for the FRs, similar to that of
he folic acid and reduced folate cofactors (Wang et al., 1992).
owever, the role of FR, if present, in the activity of the antifo-

ates for the possible treatment of retinoblastoma has never been
valuated.

Therefore, the major aim of the present study was to iden-
ify the presence of folic acid carrier system on human derived
etinoblastoma cell line (Y-79) and to investigate the mechanism
nd intracellular regulation of folic acid uptake. In the present
tudy, we have also explored the possible role of FR in the uptake
f anticancer agent, MTX. Y-79 cell line was selected because
t is a multipotential human cell line derived from a tumor of the
nner plexiform layer of the retina, and it retains many neural

haracteristics. The Y-79 has been used as an in vitro model of
etinoblastoma to study normal differentiation and maintenance
f the neural retina and to facilitate the efficacy of antitumor reg-
mens (McFall et al., 1977). Y-79 cell line has also been utilized

T
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s
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s a model in vitro system to investigate metabolic characteris-
ics and membrane properties of the retina (Tombran-Tink et al.,
992).

The use of [3H]Folic acid to trace its structural analogs
MTF and MTX) has been reported earlier (Spinella et al.,
995; Verwei et al., 2005). In our study, [3H]Folic acid (10 nM)
ptake was found to be saturable as a function of concentration
ith an apparent Km of 8.29 ± 0.74 nM, 17.03 ± 1.98 nM and
63.23 ± 115.2 nM and Vmax of 393.47 ± 9.33, 757.58 ± 26.21
nd 653.17 ± 31.7 fmol/(min mg) protein for folic acid,
TF and MTX, respectively. More recently, RFC, a high

apacity–low affinity folic acid uptake system, with an appar-
nt Km in the micromolar range has been described in tissues
uch as the intestine and the liver (Horne et al., 1992; Said,
004). However, in our study, concentration dependence uptake
f folic acid (10 nM) showed saturation in nanomolar range
0.1–50 nM) and was linear at higher concentration in micro-
olar range indicating that high capacity–low affinity uptake

ystem, RFC, may not be functional in Y-79 cells. These could
e due to the fact that RFC has a lower affinity for folic acid
100–200 �M) than for MTX and reduced folates (∼1–5 �M)
Brzezinska et al., 2000). Existence of different folic acid uptake
echanisms at varying levels of expression depends on cell lines

nd/or inherent genetics of cancer cell lines. Despite these dif-
erences, a common trend is observed among various studies
hat folic acid uptake mechanism is specific and saturable in the
ange of nanomolar concentration within physiological levels of
olic acid (10–50 nM) suggesting the involvement of FR in the
ptake of folic acid in Y-79 cells.

Uptake process of folic acid was found to be pH independent
s no significant difference was observed within a pH range
f 5–8. However, it was found to be temperature dependent
ith optimal uptake at a physiological temperature of 37 ◦C.
hese observations were consistent with the previously pub-

ished results using L1210, leukemia cells (Spinella et al., 1995).
resence of chloride-free buffer caused significant inhibition
f [3H]Folic acid uptake. These results suggest that chloride
ons play a significant role in folic acid translocation. No sig-
ificant difference in the rate of [3H]Folic acid uptake was
bserved with sodium free buffer. Additional support for Na+-
ndependence has been shown through uptake studies performed
n the presence of ouabain, a well-known Na+/K+-ATPase
nhibitor. Presence of ouabain (1 mM) in the uptake buffer did
ot show any effect on the folic acid uptake, suggesting that
his carrier-mediated transport is sodium independent process. In
rder to determine whether the uptake of folic acid is dependent
n a motive energy force, known metabolic inhibitors (sodium
zide and 2,4-dinitrophenol) have been employed. Significant
nhibition of [3H]Folic acid uptake was observed when cells
ere treated with sodium azide (1 mM) and 2,4-dinitrophenol

1 mM), which is known to reduce intracellular ATP. Thus,
rocess of folic acid uptake was found to be energy depen-
ant and appears to be directly coupled to ATP energy sources.

hese results clearly indicate the involvement of a specialized,
nergy and chloride dependant, high-affinity carrier-mediated
ystem in the folic acid uptake which saturates at nanomolar
ange.
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Possible involvement of a high affinity FR in the folic acid
ptake was further supported by the finding of a significant inhi-
ition of [3H]Folic acid in the presence of unlabelled folic acid,
TF and MTX at concentrations ≤1 �M. Previous studies by

ierra et al. suggested that FR expressed at sufficient levels
an be a significant transport route for folic and MTX at low
lood levels (100–500 nM) and hence has pharmacological and
hysiological importance, specially in cells with impaired RFC
unction (Sierra et al., 1995). No significant inhibition in folic
cid uptake was observed in the presence of various unlabelled
itamins (biotin, pantothenic acid, riboflavin, niacin and ascor-
ic acid). Taken together, these results provide additional support
or the presence of a carrier system that specifically mediates the
ptake of folic acid, MTF and MTX into Y-79 cells at nanomolar
oncentrations. Involvement of anion-exchange transport mech-
nism for MTX influx was observed in L1210 leukemia cells
Spinella et al., 1995). To delineate the involvement of anionic
xchange transporter in the Y-79 cells, uptake of [3H]Folic acid
as performed in the presence of anion transport inhibitors i.e.
robenecid, DIDS and SITC. No significant inhibition by any
f this anion exchange inhibitors rules out the possibility of the
nvolvement of an anion-exchange transport mechanism for folic
cid uptake in the Y-79 cells. However, colchicines (100 �M)
auses significant inhibition suggests that folic acid may be taken
p via receptor mediated endocytosis process. However, further
tudies are required to confirm this conclusion.

A trans-stimulation phenomenon is a characteristic feature
f an exchange transporter. Therefore, this study was performed
o distinguish the role of FR and RFC in the uptake of folic
cid in Y-79 cells, by evaluating whether folic acid is taken up
y a unidirectional high affinity FR or by a bidirectional RFC
ediated system. The presence of the unlabeled folic acid on the

pposite side (trans) of the membrane had no effect on the flux
f the radiolabeled folic acid suggests that the intracellularly
ccumulated unlabeled folic acid did not inhibit the efflux of the
3H]Folic acid. This finding further supports the involvement
f a high affinity carrier-mediated system, FR, in the uptake of
olic acid on the Y-79 cells.

RT-PCR analysis provides the evidence of the molecular
xpression of folate receptor precursor mRNA and therefore
urther support the presence of a specific transport system for
olic acid in Y-79 cells. This result was not consistent with the
xpected PCR product size (229 bp) of the seven known folate
eceptor transcription variants (variants 8, 2, 3, 4, 1 and 7) from
LAST analysis. However, post-transcription processing of this
recursor mRNA may give rise to aforementioned transcrip-
ion variants. RT-PCR analysis thus indicate that Y-79 cells may
xpress folate receptor precursor mRNA.

Various studies have demonstrated that the activity of
embrane transporter systems are rapidly regulated by the
ajor signaling pathways, namely protein tyrosine kinase, pro-

ein kinase A-, C-, and Ca2+/calmodulin-mediate pathways
Feschenko et al., 2000). We also investigated possible regu-

ation of the folic acid uptake process by intracellular regulatory
athways. Concentration dependent inhibition by TFP, KN-62,
nd calmidazolium suggest the involvement of Ca2+/calmodulin
ediated pathways in the regulation of folic acid uptake. PKC

B

Pharmaceutics 355 (2008) 210–219

athway modulators (PMA and bisindolylmaleimide I) and PKA
athway modulators (IBMX, forskolin and H-89) also seem to
lay important role in the regulation of folic acid uptake. No
ignificant effect was observed in the presence of PTK pathway
odulators (genisetin and genistin) ruled out the involvement

f PTK pathway on folate uptake. Summarizing, our results
ndicate the involvement of a Ca2+/calmodulin, PKC and PKA
athway but not PTK pathways in the regulation of folic acid
ptake. The physiological mechanism(s) through which calmi-
azolium and protein kinase pathways exert its regulatory effect
n folic acid uptake is not very clear. Most signal transduction
athways are involved in diverse and critical cellular functions.
urrently, physiological significance behind the multiple-signal

egulating pathways involved in folic acid uptake in retina is
oorly understood. Extensive cross-signaling between cAMP
nd calmodulin-mediated signal transduction pathways exists
t several levels of cellular control. Therefore calmodulin-
ediated reduction of folic acid uptake in Y-79 cells might be a
anifestation of intertwined regulation of these processes.
In conclusion, this is the first report indicating the func-

ional and molecular expression of FR, a specialized high
ffinity carrier-mediated system for folic acid, on Y-79 cells.
his carrier-mediated active transporter system is tempera-

ure, energy and chloride ion dependant. The process appears
o be regulated by PKA, PKC and Ca2+/calmodulin-mediated
athways. The study also provides useful information on the
ubstrate specificity of this carrier system. The study suggests
hat Y-79 cells may serve as a useful in vitro experimental

odel of human retinoblastoma for delineating retinal uptake
echanism and intracellular translocation of various antifolate

gents. Moreover, folate carrier-mediated system can be tar-
eted through design of folate-conjugated prodrugs to achieve
nhanced permeability which can result in significant improve-
ent in therapeutic outcome of retinoblastoma.
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