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1. Introduction

Ascorbic acid (AA, vitamin C) is an essential nutrient required
for mammalian cell growth, function, and wound healing. It serves
as an antioxidant agent and plays essential role in the defense
against free radicals (Rose, 1988; Wilson, 2005). Some mammals,
i.e., man, primates, pigs and flying mammals cannot synthesize AA
and must absorb it from diet by intestine; others can synthesize
AA in the liver. AA is obtained for human body by the intestinal
absorption from exogenous sources. Kidney maintains the balanced
plasma level of this vitamin by reabsorption, filtration and excre-
tion. Uptake of AA has been studied in cell types from various organs
such as intestine (Maulen et al., 2003; Said and Mohammed, 2006),
kidney (Bowers-Komro and McCormick, 1991; Rose, 1986), brain
(Astuya et al., 2005; Castro et al., 2001), eye (Garland, 1991; Talluri et
al., 2006), bone (Dixon et al., 1991), and skin (Padh and Aleo, 1987).

∗ Corresponding author. Tel.: +1 816 235 1615; fax: +1 816 235 5190.
E-mail address: mitraa@umkc.edu (Ashim.K. Mitra).

0378-5173/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2008.03.002
as to functionally characterize sodium-dependent vitamin C transporter
d to study the effect of substituted benzene derivatives on the intracellular
(AA). Mechanism of AA uptake and transport was delineated. Uptake of
as studied in the absence and presence of excess unlabelled AA, anion
ries of mono- and di-substituted benzenes. Transepithelial transport of
mbrane has been studied for the first time. Role of cellular protein kinase-
ulation of AA uptake has been investigated. The cellular localizations of
focal microscopy.
e saturable with a Km of 83.2 �M and Vmax of 94.2 pmol/min/mg protein
sodium, temperature, and energy-dependent. It was under the regulation

KC) and Ca2+/CaM mediated pathways. [14C]AA uptake was significantly
ss unlabelled AA and a series of electron-withdrawing group, i.e., halogen-
erivatives. AA appears to translocate across polarized cell membrane from

ell as basal to apical side (B–A) at a similar permeability. It appears that
on the apical side and SVCT2 may be located on both apical and basal
een functionally characterized in MDCK-MDR1 cells. The interference of a
d benzenes on the AA uptake process may be explained by their structural

d to facilitate the delivery of drugs with low bioavailability by conjugating
gs. MDCK-MDR1 cell line may be utilized as an in vitro model to study the
prodrugs.

© 2008 Elsevier B.V. All rights reserved.
A transport system is necessary to deliver AA to various tis-
sue cells. Recently, two isoforms of sodium-dependent vitamin C
transporters, SVCT1 and SVCT2, have been cloned from human
and rat DNA libraries (Daruwala et al., 1999; Tsukaguchi et al.,
1999; Wang et al., 1999). Both SVCT carriers have similar func-
tions and can mediate l-AA transport with high affinity. SVCT1 is
mainly expressed in epithelial cells of kidney, intestine, and liver,
whereas SVCT2 is widely distributed in brain, eye, and other organs
(Tsukaguchi et al., 1999). Residence of SVCT1 in apical cell surface
in polarized cell membrane has been reported in both Caco-2 and
MDCK cells by functional and confocal imaging studies (Boyer et
al., 2005; Maulen et al., 2003; Subramanian et al., 2004).

Substrate specificity of SVCT has been probed in several
recent works. Dixon and co-workers studied ascorbate uptake
by osteoblast cells and found that uptake of ascorbate was
reversibly inhibited by antagonists of anion transporter such as 4,4′-
diisothiocyanostilbene 2,2′-disulfonic acid (DIDS), 4-acetamido-
4′-isothiocyanostilbene-2,2′-disulfonic acid (SITS), sulfinpyrazone
and furosemide, but not inhibited by organic anions, i.e., formate,
lactate, gluconate, succinate except salicylate (Dixon et al., 1991).
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It was concluded that ascorbate transporter is relatively specific
for ascorbate and anion inhibitors interacted directly with ascor-
bate transporter. At pH 7.4, AA exists in the deprotoned form as an
anion (−1 value). Therefore, it is not surprising that AA uptake was
inhibited by anion inhibitors. To better understand the substrate
specificity of SVCT, Rumsey and colleagues studied the inhibition of
AA analogs by human skin fibroblast cells and demonstrated that a
series of 6-halo-6-deoxy-l-AA were the most effective compounds
to inhibit AA uptake (Rumsey et al., 1999). This study reported
that the structural specificity requirement of ascorbate analogs
to be an inhibitor was a C-4S absolute configuration in a five-
membered reduced ring with no substitution on carbon 2 or 3.
Later on, Park and Levine (2000) reported that flavonoids inhib-
ited the uptake of both AA and dehydro-AA due to their structural
similarity. More recently, Dalpiaz and his group demonstrated the
inhibition of diclofenamic acid to the AA uptake in human reti-
nal pigment epithelium cells while studying the properties of AA
conjugates of nipecotic acid, kynurenic acid, and diclofenamic acid
(Dalpiaz et al., 2004, 2005a,b; Manfredini et al., 2004). Significant
lowering in AA uptake by 6-halo-deoxy-AA and diclofenamic acid
in different cells suggested that the substrate specificity of SVCT is
relative and halogen-substituted benzene may affect AA uptake. To
test this hypothesis, we studied the effect of a series of mono- and
di-substituted benzenes on the uptake of AA in MDCK-MDR1 cells.

MDCK-MDR1 cell line is derived from Madin–Darby canine kid-
ney cells which were transfected with the human MDR1 gene. These
cells express high levels of P-gp and differentiate rapidly. This cell
line has been utilized as an alternative to Caco-2 model for high
throughput screening of permeability and drug–drug interactions
in drug discovery (Tang et al., 2002). It has also been employed
in our laboratory to study the permeability of nutrient conju-
gated prodrugs of saquinavir (Jain et al., 2005; Luo et al., 2006).
To establish the utility of MDCK-MDR1 cell line as an in vitro model
for uptake and transport of AA conjugated prodrugs of protease
inhibitors, we attempted to delineate the mechanism of AA uptake
and transport in MDCK-MDR1 cells.

2. Materials and methods

2.1. Materials

[14C]ascorbic acid ([14C]AA, 8.5 mCi/mmol) was procured
from PerkinElmer Life Science, Inc. (Boston, MA). Unlabelled
AA; substituted benzene derivatives including chlorobenzene,

bromobenzene nitrobenzene, phenol, benzaldehyde, benzoic acid,
4-chlorophenol, 4-bromophenol, 4-iodophenol, 4-nitrophenol,
4-chloroaniline, 4-bromoaniline, 1,4-di-iodobenzene, and 4-
iodoanisole; anion transporter inhibitors including DIDS, SITS,
probenecid and para amino hippuric acid (PAHA); metabolic
inhibitors, i.e., 2,4-dinitrophenol (DNP), sodium azide (NaN3),
and ouabain were purchased from Sigma–Aldrich Co. (St. Louis,
MO). Dithiothreitol (DTT), choline chloride, potassium phos-
phate, and various modulators of cellular signaling pathways, i.e.,
calmidazolium, 1-[N,O-bis(5-isoquinolinesulfonyl)-N-methyl-l-
tyrosyl]-4-phenylpiperazine (KN-62), phorbol 12-myristate 13
acetate (PMA), H-89, forskolin and all other reagents were also
obtained from Sigma–Aldrich. MDCK-MDR1 cells were donated by
P. Borst (Netherlands Cancer Institute, Amsterdam, The Nether-
lands). The growth medium, Dulbecco modified Eagle medium
(DMEM), nonessential amino acids (NEAA), calf serum (CS), and
trypsin/EDTA were obtained from Gibco (Invitrogen, Grand Island,
NY). Penicillin, streptomycin, sodium bicarbonate, and HEPES were
purchased from Sigma–Aldrich. Dulbecco modified phosphate
buffer saline (DPBS) was prepared with 129 mM NaCl, 2.5 mM
KCl, 7.4 mM Na2HPO4, 1.3 mM KH2PO4, 1 mM CaCl2, 0.7 mM
armaceutics 358 (2008) 168–176 169

MgSO4, and 5.3 mM glucose at pH 7.4. DPBS also contained 20 mM
HEPES. These chemicals were of analytical grade, obtained from
Sigma–Aldrich. Culture flasks (75 cm2 growth area), Polyester
Transwell® (pore size of 0.4 �M and 12 mm diameter) and 12-well
tissue culture plates were purchased from Costar (Cambridge, MA).

2.2. Cell culture

MDCK-MDR1 cells (passages 5–15) were cultured in DMEM
supplemented with 10% calf serum (heat inactivated), 1% nonessen-
tial amino acids, 100 units/mL penicillin, 100 g/mL streptomycin,
25 mM HEPES, and 29 mM sodium bicarbonate at pH 7.4. Cells were
allowed to grow at 37 ◦C in a tissue culture incubator with 5% CO2
and 95% air for 3–4 days to reach 80% confluence, and then were
plated at a density of 66,000 cm−2 in 12-well tissue culture plates.
Cells were then incubated at 37 ◦C in a humidified atmosphere of
5% CO2 and 95% air and grown for 6–7 days to reach confluence.
The medium was changed every other day.

2.3. Uptake studies

2.3.1. General procedure of uptake experiments
Uptake studies were conducted with confluent cells. The

medium was removed and cells were rinsed three times, 10 min
each with 2 mL of DPBS buffer at 37 ◦C, unless otherwise stated.
In a typical uptake experiment, cells were incubated with 1 mL
of [14C]AA solution with/without predefined unlabelled chemicals
(AA, a series of substituted benzene derivatives and anion trans-
porter inhibitors) prepared in DPBS (pH 7.4) at 37 ◦C for 30 min,
except for time course studies. This time period remained within
linear range. In all the experiments, 0.5 mM DTT was added to
prevent any oxidation of AA. After the incubation period, the cell
monolayer was rinsed three times with ice-cold stop solution
(200 mM KCl and 2 mM HEPES) to terminate drug uptake. Cells
were left overnight in 1 mL lysis solution [0.1% (v/v) Triton X-100 in
0.3 N NaOH] at room temperature. Aliquots (500 �L) from each well
were then transferred to scintillation vials containing 5 mL scintilla-
tion cocktail (Fisher Scientific, Fairlawn, NJ). Samples were analyzed
using liquid scintillation counter (Model LS-6500, Beckman Instru-
ments, Inc., Fullerton, CA). The rate of uptake was normalized to the
protein content of each well. Amount of protein in the cell lysate
was measured by a BioRad protein estimation kit (BioRad, Hercules,
CA).
2.3.2. Na+ dependency
To study Na+ dependency, sodium chloride and sodium phos-

phate in the incubation media were replaced by equimolar
choline chloride and potassium phosphate, to generate sodium free
medium.

2.3.3. pH dependency
Incubation media were adjusted at different pHs (5.0, 6.0, 6.5,

7.4, 8.5) by adding 1 N HCl or NaOH. Cells were rinsed with DPBS
of different pH values. Permeant solutions ([14C]AA) were also pre-
pared in DPBS at these pH values.

2.3.4. Energy dependency
To determine whether the uptake of [14C]AA is energy-

dependent, we also examined the effect of metabolic inhibitors,
i.e., DNP, NaN3, and ouabain (all at the concentration of 1 mM) on
the uptake process. Three different methods were employed: After
rinsing the cells with DPBS buffer 3 mm × 10 min, (1) preincubating
the cells with solutions of metabolic inhibitors for 30 min, (2) simul-
taneously incubating the uptake of AA with the metabolic inhibitors
for 30 min, and (3) preincubating the cells for 10 min and followed
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by inhibiting the uptake process with the metabolic inhibitors for
30 min.

2.3.5. Concentration dependency
Various concentrations (5–500 �M) of unlabelled AA solutions

were prepared in DPBS. [14C]AA (23.5 �M) was added to each
tube containing various concentrations of unlabelled AA to pre-
pare donor solutions. Then, the uptake of AA was carried out. The
data was fitted to a Michaelis–Menten equation as shown in Section
2.6 and the apparent affinity constant Km and maximum uptake
velocity Vmax of sodium-dependent AA uptake were determined.

2.3.6. Substrate specificity of SVCT
[14C]AA uptake was carried out in the absence and presence

of 1 mM unlabelled AA, anion transporter inhibitors includ-
ing DIDS, SITS, probenecid and PAHA, and a series of mono-
and di-substituted benzene derivatives including chloroben-
zene, bromobenzene nitrobenzene, phenol, benzaldehyde, ben-
zoic acid, 4-chlorophenol, 4-bromophenol, 4-iodophenol, 4-
nitrophenol, 4-chloroaniline, 4-bromoaniline, 1,4-di-iodobenzene,
and 4-iodoanisole.

2.3.7. Regulation of cellular protein kinase-mediated pathways
In order to investigate the regulation of intracellular pro-

tein kinase-mediated pathways involved in AA uptake, cells were
preincubated with various modulators of cellular signaling path-
ways, i.e., calmidazolium (50 �M) and KN-62 (10 �M), inhibitors of
Ca2+/calmodium pathway; PMA (5 �M), an activator of PKC; H-89
(25 �M) and forskolin (100 �M), simulators of PKA-mediated path-
way, respectively. Uptake experiments were performed according
to a method described in Section 2.3.1.

2.4. Transepithelial transport

Permeability of [14C]AA (23.5 �M) across MDCK-MDR1 cell
monolayers was determined using 12-well Transwell® plates.
Before each experiment, cells were grown on Transwell® inserts
(diameter 12 mm) for 6–7 days. Medium was aspirated and cell
monolayers were rinsed three times (10 min each wash) with DPBS
pH 7.4 at 37 ◦C. Volumes of apical and basal chambers were 0.5
and 1.5 mL, respectively. Transport experiments were conducted
for a period of 3 h. Aliquots (100 �L) were withdrawn from the
receiver chamber at predetermined time intervals, i.e., 15, 30, 45,
60, 90, 120, and 180 min and replaced with fresh DPBS buffer to

maintain sink conditions. Dilutions were taken into account for the
calculations. Samples were added to 5 mL scintillation cocktail and
then analyzed by scintillation counter (Model LS-6500, Beckman
Instruments, Inc.). All transport experiments were performed at
37 ◦C.

2.5. Confocal microscopic imaging

The polar locations of SVCT1 and SVCT2 were determined
by fluorescence imaging using confocal microscope. After MDCK-
MDR1 cells were grown on Transwell® inserts for 6–7 days, rinsed
with PBS for three times and then fixed in freshly made cold 4%
paraformaldehyde in PBS for 20 min at 4 ◦C. The cells were rinsed
with cold PBS for four times. To increase the cellular permeability
of antibodies across cellular membrane, the cells were treated with
ascending grade of ethanol 50% (2 min), 70% (2 min), 95% (5 min),
and then back to descending grade of ethanol with 70% (1 min),
50% (1 min) and PBS. The cells were incubated with a solution of
1% BSA and 4% non-fat dry milk in PBS for non-specific binding for
1 h at room temperature (RT). The cells were rinsed with PBS again,
and then incubated with goat polyclonal primary antibodies (Santa
armaceutics 358 (2008) 168–176

Cruz) for SVCT1 and SVCT2 (diluted 1:50 as per manufacture’s
instruction) separately for 2 h at 37 ◦C. The goat serum was used
as control. Then the cells were washed with PBST for three times
15 min each at RT. The cells were exposed to anti-goat Ig-G–FITC
secondary antibodies (diluted 1:200 as per Sigma’s instruction) at
37 ◦C for 1 h. The cells were washed with PBST for four times (15 min
each) at RT. The plates were covered with foil to avoid light. The
membranes were cut along the edges, placed on the glass slides,
and covered with cover glasses using mounting medium. The slide
box was kept in the refrigerator until observed and pictured using
confocal fluorescence microscopy. Z-stack pictures were taken from
top to bottom. The fluorescence localized on the apical side of the
cells cannot be seen in the bottom picture. However, if the fluores-
cence localized in the bottom side of the cells can be visualized in
all Z-stack pictures.

2.6. Data analysis

Kinetic parameters of AA uptake were calculated with a com-
puter program KaleidaGraph 3.5. The data was plotted and fitted to
a Michaelis–Menten equation (Eq. (1)) and the parameters Km and
Vmax were obtained.

v = Vmax[C]
Km + [C]

(1)

v is the initial uptake rate, Vmax is the maximal velocity, Km is
Michaelis–Menten constant, and C is the total concentration of both
radiolabeled and unlabelled AA.

The cumulative amount of [14C]AA transported is calculated by
Eq. (2)

TRcum = An + VSn

Vr

n−1∑
i=0

Ai (2)

An is the amount of AA measured in sample n, VSn is the volume
of sample n, Vr is the volume of the receiver chamber, and Ai is the
amount of AA at each predetermined time point.

Transepithelial transport permeability P (PA–B or PB–A) of [14C]AA
was calculated according to Eq. (3):

P =
(

d(TRcum)
dt

)
× 1

A
× 1

C0
(3)

d(TRcum)/dt is transport rate, which was obtained from the slope of

the cumulative amount (TRcum) – time profile. A is the surface area
of the Transwell® insert, and C0 is the donor concentration. Values
are expressed as centimeters per second.

2.7. Statistical analysis

All experiments were conducted at least in triplicate and results
were expressed as mean ± S.D. Statistical comparisons of mean
values were evaluated by Student’s t-test using GraphPad InStat
version 3.1 (GraphPad). P < 0.05 was considered to be significant.

3. Results

3.1. Time course

Figure 1 depicts the time course of the intracellular accumu-
lation of AA in MDCK-MDR1 cells at 37 ◦C. Uptake was linear for
up to 90 min of incubation time (r2 = 0.996) and occurred at the
rate of 9.82 pmol/min/mg protein. An incubation period of 30 min
was selected for subsequent uptake experiments unless otherwise
mentioned.
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Fig. 1. Time course of [14C]AA uptake in MDCK-MDR1 cells. Uptake of [14C]ascorbic
acid ([14C]AA, 0.2 �Ci/mL, 23.5 �M) was measured in DPBS buffer (pH 7.4) at 37 ◦C.
Data is shown as mean ± S.D., n = 3–6. S.D. means standard derivation. When not
shown, error bar is smaller than symbol. The linear equation is: y = 9.82x − 20.72
(r2 = 0.996).

3.2. Sodium dependency

The initial uptake rates of AA were found to be 19.6 ± 0.11
and 1.05 ± 0.054 pmol/min/mg protein in the presence and
absence of sodium, respectively (Fig. 2). Replacing Na+ in the
incubation medium caused 19-fold decrease in AA uptake. The
process of AA uptake by MDCK-MDR1 cells appears to be highly
sodium-dependent.

3.3. Temperature dependency

Effect of temperature on the uptake of AA by MDCK-MDR1 cells
was studied. Initial uptake rates of AA were 15.2 ± 0.62, 7.39 ± 0.30,
and 1.88 ± 0.16 pmol/min/mg protein at 37, 25 and 4 ◦C, respectively.

Fig. 2. Effect of Na+ on [14C]AA uptake in MDCK-MDR1 cells. Uptake of [14C]AA
(23.5 �M) was measured in DPBS buffer (pH 7.4) with or without sodium for 30 min.
Results are shown as mean ± S.D., n = 4–6. When not shown, error bar is smaller than
symbol. **P < 0.01.
Fig. 3. Arrhenius plot of the effect of temperature on [14C]AA uptake in MDCK-MDR1
14
cells. Uptake of [ C]AA (23.5 �M) was measured in DPBS buffer (pH 7.4) for 30 min

at 37, 25 and 4 ◦C, respectively. Data is shown as mean ± S.D., n = 4–6.

Uptake significantly diminished as incubation temperature was
lowered, suggesting that the process is carrier mediated. Uptake
rate Ln(v) vs. 1/T was plotted (Fig. 3), and activation energy (Ea)
was calculated to be 10.8 kcal/mol.

3.4. pH dependency

Uptake of AA increased with a rise in extracellular pH from 5.0
to 8.5. Relative to pH 7.4, only one fifth of uptake was observed at
pH 5.0 (Fig. 4).

3.5. Energy dependency

DNP significantly inhibited the uptake of AA when it was added
as a pretreatment or simultaneously during uptake. It caused higher
inhibition in the later case. NaN3 did not show any significant effect
in all three conditions as mentioned in the Section 2. Uptake of AA
was diminished by 50% with ouabain. However, more effect was
noted when cells were pretreated with ouabain (Fig. 5).

Fig. 4. Effect of pH on [14C]AA uptake in MDCK-MDR1 cells. Uptake of [14C]AA
(23.5 �M) was measured in DPBS buffer at different pH values (pH 5.0, 6.0, 6.5,
7.4, 8.5) at 37 ◦C for 30 min. Results are shown as mean ± S.D., n = 3–6. *P < 0.05.
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Fig. 5. Effect of metabolic inhibitors on [14C]AA uptake in MDCK-MDR1 cells. Uptake
of [14C]AA (23.5 �M) was measured in DPBS buffer (pH 7.4) at 37 ◦C. (1) Preincu-
bating cells with 1 mM metabolic inhibitors for 30 min; (2) inhibiting the uptake
process with 1 mM metabolic inhibitors for 30 min; (3) preincubating cells with
1 mM metabolic inhibitors for 10 min and then inhibiting the uptake process with
1 mM metabolic inhibitors for 30 min. Results are expressed as mean ± S.D., n = 3–6.
*P < 0.05.

3.6. Concentration dependency

AA uptake was studied as a function of substrate concentra-
tion in the range of 5–500 �M. Uptake process was found to
be concentration-dependent and saturable at the higher con-
centrations (Fig. 6). When the kinetic data was plotted in the
form of Lineweaver-Burk (1/v vs. 1/[S]), two separate lines were
obtained, which suggested that more than one transporters may
exist. The kinetic data was then fit in Eq. (1) separately for
the different concentration ranges (5–50 and 50–500 �M) using
KaleidaGraph 3.5. The coefficient efficients (R2) of the fitting
were 0.990 and 0.996. The Km values of SVCT1 and SVCT2
were 83.2 ± 14.0 and 7.27 ± 1.02 �M; and the Vmax of SVCT1
and SVCT2 were 94.2 ± 4.73 and 44.2 ± 1.99 pmol/min/mg protein,

respectively.

3.7. Substrate specificity

[14C]AA uptake was diminished by 90% and 30% with the addi-
tion of 1 mM l-AA and d-AA, respectively (Fig. 7). Uptake was
reduced to 49%, 67%, and 53% relative to control in the presence
of 1 mM DIDS, SITS, and probenecid, respectively. But 1 mM PAHA
did not show any effect (Fig. 7).

Effects of mono- and di-substituted benzene derivatives
are depicted in Figs. 8 and 9. Among mono-substituted ben-
zene, bromo- and chloro-benzene caused the largest inhibition
(56% and 65% relative to control). Nitrobenzene and benzoic
acid also produced significant inhibition (36% and 25%). Phe-
nol and benzaldehyde showed no effect. Among di-substituted
benzene derivatives, halogen- (Cl, Br, I) and nitro-substituted
benzenes significantly lowered AA uptake. We further stud-
ied the reversibility of inhibition. Results indicated that the
inhibitions induced by AA and most of the substituted ben-
zenes are reversible except 1,4-di-iodo-benzene and 4-iodo-anisole
(Fig. 10).
Fig. 6. Saturation kinetics of [14C]AA uptake by MDCK-MDR1 cells. (a) SVCT1: AA
(50–500 �M); (c) SVCT2: AA (5–50 �M). (b) Lineweaver-Burk transformation of the
data. Cells were incubated at 37 ◦C in DPBS buffer (pH 7.4) for 30 min in the presence
of different concentrations of AA. Results are expressed as mean ± S.D., n = 3–6.

Table 1

Effect of modulators of protein kinase-mediated pathways on AA uptake

Modulators Uptake % as of control Statistics

Control 100 ± 7.19

Ca/CaM pathway CaM (50 �M) 60.5 ± 5.84 P < 0.01
KN-62 (10 �M) 81.8 ± 5.65 P < 0.05

PKC pathway PMA (5 �M) 75.6 ± 8.38 P < 0.01

PKA pathway H-89 (25 �M) 93.4 ± 8.56 NS
Forskolin (100 �M) 97.8 ± 9.66 NS

Uptake of [14C]AA (23.5 �M) was measured in DPBS buffer (pH 7.4) at 37 ◦C in the
absence or presence of different modulators of different protein kinase-mediated
pathways. Results are expressed as mean ± S.D., n = 4–6. Statistical comparisons of
mean values were evaluated by Student’s t-test using GraphPad InStat version 3.1.
P < 0.05 was considered to be significant. “NS” means not statistically significant.

3.8. Regulation of cellular protein kinase-mediated pathways

The role of different cellular regulation pathways on the process
of AA uptake was also investigated. As shown in Table 1, calmida-
zolium and KN-62, both inhibitors of Ca2+/calmodium (Ca2+/CaM)
pathway, caused 40% and 20% inhibition, respectively. PMA, a PKC
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Fig. 7. Effects of unlabelled AA and anion inhibitors on [14C]AA uptake in MDCK-
MDR1 cells. Uptake of [14C]AA (23.5 �M) was measured in DPBS buffer (pH 7.4)
at 37 ◦C in the presence of 1 mM inhibitor for 30 min. Results are expressed as
mean ± S.D., n = 3–6. *P < 0.05; **P < 0.01.

activator, led to 25% decrease in AA uptake as compare to con-
trol. However, no significant effect was observed with H-89 and
forskolin, modulators of PKA-mediated pathway.

3.9. Transepithelial transport

We report for the first time transepithelial transport of AA
(25.3 �M) across the polarized cell membrane from apical to
basal side (A–B) and from basal to apical side (B–A). Cumula-
tive amounts of AA transported over 3 h were 2.16 (A–B) and
1.90 (B–A) nanomoles. Percentages of AA transported relative
to donor concentration were 6.1% for A–B and 5.4% for B–A.
The permeability values were 8.15 ± 0.27 × 10−6 cm/s for A–B and
7.97 ± 0.39 × 10−6 cm/s for B–A. No significant difference between
the permeability of A–B and B–A directions was observed (Fig. 11).

Fig. 9. Effect of various di-substituted benzene derivatives on [14C]AA uptake in MDCK-M
37 ◦C for 30 min in the absence and presence of 1 mM inhibitor. X-axis labels stand for th
ortho-substituted, for example, “Cl, OH” stands for 4-chloro phenol; OH, OH (o) stands for
Fig. 8. Effect of various mono-substituted benzene derivatives on [14C]AA uptake in
MDCK-MDR1 cells. Uptake of [14C]AA (23.5 �M) was measured in DPBS buffer (pH
7.4) at 37 ◦C for 30 min in the absence and presence of 1 mM inhibitor. X-axis labels
stand for the substitute groups of benzene, for example, “Cl” stands for chloroben-
zene. Data are expressed as mean ± S.D., n = 3–6. *P < 0.05.

3.10. Confocal imaging

The polarized locations of SVCT1 and SVCT2 in MDCK-MDR1
were observed by confocal microscopy. Z-stack pictures dissect the
cell to detect the specific polarized localization of cellular fluo-
rescence. The fluorescence imaging (Fig. 12) indicates that SVCT1
was predominantly located on apical membrane and SVCT2 may be
located on both apical and basolateral membranes in MDCK-MDR1
cells.

4. Discussion

AA is an essential cellular nutrient for normal metabolic func-
tions of all mammals. Intestine absorbs AA from exogenous sources
(dietary constituents). Kidney handles AA by filtration, excretion,

DR1 cells. Uptake of [14C]AA (23.5 �M) was measured in DPBS buffer (pH 7.4) at
e para-substitute groups of benzene except (o) in OH, COOH (o) and OH, OH (o) for
ortho-phenol. Data is expressed as mean ± S.D., n = 3–6. *P < 0.05.
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Fig. 10. Reversibility of effect of various inhibitors on [14C]AA uptake in MDCK-
MDR1 cells. Uptake of [14C]AA (23.5 �M) was measured in DPBS buffer (pH 7.4) at
37 ◦C for 30 min after preincubating the cells with various inhibitors for 1 h and then
washing off inhibitors with DPBS buffer before adding [14C]AA. The concentration
of all inhibitors is 1 mM except that of 1,4-di-iodo-benzene is 0.5 mM due to its
solubility. X-axis labels stand for the substitute groups of benzene except AA for
l-AA. Data are expressed as mean ± S.D., n = 3–6. *P < 0.05.

Fig. 11. Transepithelial transport of [14C]AA in MDCK-MDR1 cells. Cumulative
amount of transported [14C]AA (23.5 �M) was calculated according to Eq. (2). Sam-
ples (100 �L) were taken at predetermined time intervals (15, 30, 45, 60, 90, 120,
150, 180 min) and then analyzed by scintillation counter. Results are expressed as
mean ± S.D., n = 3–6.

Fig. 12. Confocal imaging of SVCT1 and SVCT2 in MDCK-MDR1 cells. (A) No fluorescence in the negative control containing no primary antibodies but goat serum only;
(B) SVCT1: fluorescence picture was captured from the top surface (apical surface) indicating the localization of SVCT1 on the apical membrane of MDCK cells; (C) SVCT1:
fluorescence picture was captured from the bottom showing no fluorescence implying no localization of SVCT1 in the basolateral membrane of MDCK cells. (D) SVCT2 (picture
from the top surface); (E) SVCT2 (picture from the bottom surface). Both these pictures show similar fluorescence intensity suggesting SVCT2 either present on the basolateral
membrane or both apical and basolateral membranes of MDCK cells.
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and reabsorption, which is essential to make up urinary loss. It
maintains the balanced plasma level of AA in the body. MDCK-
MDR1 cells are canine kidney cells transfected with human MDR1
genes. It has been used as an in vitro model to study the permeabil-
ity of nutrient conjugated prodrugs of saquinavir (Jain et al., 2005;
Luo et al., 2006). Recently, polarized expression of SVCT1 in Caco-2
cells and MDCK cells was reported (Boyer et al., 2005; Maulen et
al., 2003; Subramanian et al., 2004). In this work, we investigated
the mechanisms involved in the uptake and transport of AA and
substrate specificity of SVCT in MDCK-MDR1 cells. We studied the
effect of a series of mono- and di-substituted benzene derivatives
to the uptake of AA. Results of this work may be used to evaluate
the feasibility of using MDCK-MDR1 cell line as an in vitro model to
study the permeability of AA conjugated prodrugs. The properties
of AA uptake may be compared with that of vitamin B uptake in
MDCK-MDR1 cells for the selection of transporters to be targeted
for drug delivery.

Time course of AA uptake exhibits a linear increase in uptake till
90 min (Fig. 1), indicating that SVCT is a high capacity transporter.
Uptake of AA was found to be strongly dependent on the presence of
Na+ in the incubation medium, suggesting a Na+-dependent trans-
port mechanism for AA (Fig. 2). Temperature-dependent uptake
of AA by MDCK-MDR1 cells is strongly evident (Fig. 3). Activation
energy (Ea) of AA uptake is two times as that of vitamin B uptake
by MDCK-MDR1 cells (Luo et al., 2006), which means the process
of active vitamin C uptake requires more energy compared to that
of vitamin B.

Amount of AA uptake is enhanced as pH increased (Fig. 4). The
pKa1 of AA is 4.17. Therefore, it primarily exists in the form of ascor-
bate (−1 charge) above pH 5.0, which means pH dependency is not
due to the ionic state of AA. On the other hand, the effect of pH may
suggest that SVCT has higher affinity with ascorbate at higher pH
(Liang et al., 2001; Tsukaguchi et al., 1999). This phenomenon is dif-
ferent from sodium-dependent multi-vitamin transport (SMVT), in
which pH affects the ionic fraction of biotin (Luo et al., 2006). SVCT
has high affinity with the ionized form of AA, which suggests that
the ion–ion and/or ion–polarity interactions between SVCT and its
substrates are predominant driving forces for the binding of SVCT.
Lower pH may cause protonation of histidine residues in SVCT and
thus reduce the binding affinity of SVCT with its substrates (Liang
et al., 2001).

Unlabelled AA (both l- and d-isomers) caused significant inhi-
bition to [14C]AA uptake (Fig. 7). About 3-fold higher inhibition
with l-AA as compared to d-AA suggests higher specificity of the

transporter for l-isomer. AA exists as an anion (ascorbate) under
experimental condition (pH 7.4). Uptake was performed in the pres-
ence of various anion inhibitors such as DIDS, SITS, probenecid, and
PAHA. All the inhibitors examined except PAHA caused significant
inhibition (Fig. 7). Inhibition of ascorbate uptake by anions has also
been reported in other cells (Dixon et al., 1991). These results indi-
cate that certain anions may affect the interaction of SVCT with
ascorbate and the location of the transport system could be the
plasma membrane.

DNP and ouabain produced significant inhibitions of AA uptake
(Fig. 5). DNP functions more likely as a structural inhibitor
than an energy inhibitor since it simultaneously competes with
AA. Ouabain acts more as an energy inhibitor that blocks the
Na+–K+–ATP pathway. The results of DNP inhibition to AA uptake
indicate that substituted benzene derivatives may affect the
uptake of AA. Structure of DNP and ouabain is somewhat simi-
lar to that of AA as both contain a five- or six-membered ring
and a double bond conjugated with an oxygen anion, which
raises a question whether substituted benzene affects AA uptake.
To answer this question, we further studied the effect of a
series of mono- and di-substituted benzene derivatives on the
armaceutics 358 (2008) 168–176 175

uptake of AA. The process significantly decreased in the presence
of electron-withdrawing groups such as halogen- and nitro-
substituted benzenes (Figs. 8 and 9). Inhibition by unlabelled AA
and most of the substituted benzenes was reversible except di-
iodo-benzene and iodo-substituted anisole (Fig. 10). The effects of
halogen-substituted benzenes, 6-deoxy-AA and diclofenamic acid
indicate that the halogen elements may facilitate the interaction
of SVCT with its substrates. If a drug contains halogen-substituted
benzene as part of its structure, i.e., diclofenamic acid, it may
interfere with the uptake of AA. One possibility is the structural
similarity between substituted benzene and AA such as a nega-
tively charged ring conjugated with an electron-withdrawing atom.
Halogen- and nitro-benzenes may be recognized by SVCT. Another
possibility is that these substituted benzenes are prone to gen-
erating free radicals thus inhibiting AA uptake. Further studies
are needed to elucidate the mechanism. Investigation on struc-
tural requirements for the binding of SVCT with its substrates
might be difficult due to the lack of 3D structure of SVCT at this
time.

AA uptake by MDCK-MDR1 cells was found to be concentration-
dependent and saturable in the micromolar range with a Km of
83.2 and 7.27 �M for SVCT1 and SVCT2, respectively (Fig. 6). The
Km value (83.2 �M) of SVCT1 obtained here in MDCK-MDR1 cells
was less than that (125 �M) in Caco-2 cells (Maulen et al., 2003),
which indicates that the affinity of SVCT1 in kidney cells is higher
than that in intestinal cells. The Km value (7.27 �M) of SVCT2 in
MDCK-MDR1 cells was comparable with that (8 �M) in Caco-2 cells
(Maulen et al., 2003). Affinity of SVCT with vitamin C is lower
than that of SMVT with vitamin B (Km of 13.0 �M) while capac-
ity of SVCT is higher than that of SMVT in MDCK-MDR1 cells. AA
transports in both A–B and B–A directions with similar perme-
ability in MDCK-MDR1 cells (Fig. 11). PA–B value of AA is about
50% higher than that of vitamin B while PB–A value of AA is about
300% higher in MDCK-MDR1 cells (Luo et al., 2006). The rela-
tive values of kinetic permeability parameters may explain the
facts that the plasma concentration of AA and its re-absorption
by kidney is much higher than that of vitamin B. The results
of confocal imaging suggest that SVCT1 is mainly expressed on
the apical membrane and SVCT2 may be located on both api-
cal and basal membranes in MDCK-MDR1 cells. Similar results
have also been reported in Caco-2 and MDCK cells by Boyer et al.
(2005).

Several inter and intra cellular stimuli (hormones, paracrine fac-
tors, signaling molecules, etc.) are involved in the regulation of

expression sodium-ascorbate cotransporters (Wilson, 2005). Anal-
ysis of deduced primary amino acid sequence of hSVCT1 and
hSVCT2 indicated the presence of five putative PKC phosphory-
lation sites and hSVCT1 having an additional PKA site (Liang et
al., 2001). Also, it has been demonstrated that the uptake of vita-
min C mediated by hSVCTs expressed in COS-1 cells was under
the regulation of PKC-mediated pathway (Liang et al., 2002). We
also investigated the regulation of AA uptake by the intracellular
protein kinase-mediated pathways (Table 1). Calmidazolium and
KN-62 caused a significant inhibition suggesting that the uptake
process is under the regulation of Ca2+/CaM mediated pathway.
Pretreatment of PMA led to a significant decrease in AA uptake,
indicating the role of PKC-mediated pathway on the regulation of
AA uptake. On the other hand, the role for PKA-mediated pathway
was not evident as indicated by the lack of significant effect on AA
uptake by H-89 and forskolin treated cells.

In conclusion, this study demonstrated for the first time func-
tional evidence of a sodium-dependent vitamin C transporter, SVCT,
in MDCK-MDR1 cells. A series of electrophile-substituted ben-
zene derivatives were recognized by SVCT, which may challenge
the concept that SVCT is specific only for AA and its analogues.
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AA uptake is regulated by both protein kinase C and Ca2+/CaM
mediated pathways. Bidirectional transport of AA in kidney cells
indicates a significant role of kidney in AA reabsorption and excre-
tion. MDCK-MDR1 cell line may be utilized as a valuable in vitro
tool for screening the permeability characteristics of AA conjugated
prodrugs.
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