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Abstract: The purpose of this study was to identify and characterize the functional activity of
monocarboxylic acid transporter 1 (MCT1) on the human retinal pigmented epithelium (RPE)
cell line, ARPE-19, and to evaluate whether the cell line can function as an in vitro screening
tool for intravitreally administered drugs/prodrugs targeted to the MCT1 expressed in RPE. Uptake
studies were carried out at 37 °C, for 30 s, with ARPE-19 cells. [**C]L-Lactic acid was selected
as a substrate for this transporter. Uptake of [1*C]L-lactic acid by ARPE-19 cells was found to
exhibit saturable kinetics (Kn = 3.1 + 0.6 mM and Vjnax = 63.1 &+ 4.1 pmol/min/mg of protein).
Monocarboxylic acids, such as benzoic acid, salicylic acid, and pyruvic acid, inhibited the uptake
of [*C]L-lactic acid whereas di- and tricarboxylic acids, such as phthalic, succinic, and citric
acids, did not demonstrate any inhibitory effect. Uptake was stereospecific where p-lactic acid
was less effective in inhibiting [**C]L-lactic acid uptake than unlabeled L-lactic acid. ELISA
indicated the expression of only MCT1, MCT4, and MCT8 isoforms by ARPE-19 cells. Increase
in [*C]L-lactic acid uptake was observed as the uptake medium pH was lowered from 7.4 to
5.0. Moreover, inhibition of [**C]L-lactic acid uptake was observed in the presence of the
protonophore 2,4-dinitrophenol. Uptake was significantly decreased in the presence of sodium
azide, ouabain, p-chloromercuribenzoic acid (pCMBA), N-ethylmaleamide, dithiothreitol, and
p-chloromercuribenzene sulfonate ()CMBS). However, 4,4'-diisothiocyanatostilbene-2,2'-disul-
fonic acid (DIDS) and L-thyroxine did not inhibit [**C]L-lactic acid. RT-PCR studies and sequence
analysis of the PCR product confirmed the expression of MCT1 by ARPE-19 cells. Our results
indicate that MCT1 is functionally active and is the only MCT isoform involved in the apical
uptake of monocarboxylates by ARPE-19 cells. This cell line may thus be used as an effective
screening tool for intravitreally administered drugs/prodrugs targeted toward MCT1 expressed
on the RPE.
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Introduction indicate that MCT1 and MCT3 are expressed on the apical
A number of studies have reported the polarized expression@nd basolateral membranes of RPE, respectively. MCTs play

of monocarboxylate transporters (MCTs) on the mouse and
rat retinal pigmented epithelium (RPE).These studies (1) Philp, N. J.; Yoon, H.; Grollman, E. F. Monocarboxylate
transporter MCT1 is located in the apical membrane and MCT3
in the basal membrane of rat RPEmM. J. Physiol.1998 274,
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an important physiological role in the RPE. Muller cells use al. presented biochemical evidence for the expression of
glucose for ATP production and in the process generate MCT1 on the apical membrane of ARPE-19 célistudies
considerable amounts of lactic acid. This lactic acid is investigating functional activity and delineating transport
pumped out of the muller cells and is used by the photore- kinetics of MCTs in the ARPE-19 cell line have not yet been
ceptor cells for energy generation. The remaining quantity reported. For transporter targeted drug screening studies it
of lactic acid enters into the subretinal space. Unless theis imperative that the transporter be functionally active in
excess lactic acid is quickly and efficiently cleared from the the in vitro model selected. A recent study conducted by
subretinal space, a drop in pH would occur, affecting the Ocheltree et al. reports that whereas biochemical studies
functioning of the ocular tissues. Through the polarized indicated the expression of peptide transporters in ARPE-
expression, coupled with simultaneous activity of MCTs, the 19 cells, functional studies demonstrated that peptide trans-
RPE pumps out the lactic acid from the subretinal space andporters were not active in the cell lid®.This report
maintains the retinal environment. This physiological role underscores the importance of establishing both functional
of the MCTs may be utilized to target drugs/prodrugs to the activity and biochemical expression of a transporter in a cell
intracellular compartment of the RPE, following intravitreal culture model prior to its use in drug screening studies. The
administration. MCT1 targeted drugs/prodrugs could be primary objective of this study was to evaluate whether
quickly and efficiently picked up by the transporter and ARPE-19 can be used as an in vitro model for screening
translocated into the intracellular compartment, where pro- intravitreally administered drugs/prodrugs targeted toward
drugs will be cleaved by cytoplasmic enzymes generating the MCT1 system expressed in the RPE.
the parent drug, and lead to higher intracellular drug
concentrations. Experimental Section

Selection of a lead candidate from a number of promising  Materials. ARPE-19 cells were purchased from American
intravitreally administered MCT1 targeted compounds re- Type Culture Collection (Manassasy VA) at passage number
quires an effective in vitro screening tool. A number of cell 21, f4C]L-Lactic Acid (131 mCi/mmol) was procured from
lines have been investigated with respect to the expressionperkin-Elmer Inc. (Boston, MA). D-MEM/F-12 and fetal
of monocarboxylate transporters. However, none of these arepovine serum (FBS) were purchased from Gibco-BRL-
of retinal origin. Concentrations of enzymes, transporters, |nvitrogen (Grand Island, NY). Affinity-purified rabbit anti-
and ion channels differ from one tissue to another. Thus, in human MCT1, MCT3, MCT4, MCT5, MCT6, MCT7, and
order to effectively screen for prodrugs targeted toward the MCT8 primary antibodies were purchased from Chemicon
RPE it is essential that the cell line selected originates from |nternational, Inc. (Temecula, CA). Affinity-purified rabbit
native RPE. anti-human MCT2 antibody was procured from Alpha

ARPE-19 cells, a cell line of human RPE origin, have been Diagnostic International, Inc. (San Antonio, TX)-Chloro-
extensively employed as an in vitro model of human RPE. mercuribenzene sulfonate (pCMBS) was purchased from
Numerous studies have shown that this cell line displays Toronto Research Chemicals (North York, Ontario, Canada).
characteristic epithelial morphology and mimics the native Culture plates were obtained from Costar (Corning, NY).
RPE tissue with respect to polarization and expression of Anti-rabbit IgG peroxidase conjugate secondary antibody and
various ion channels and transportérsAlthough Philp et all other chemicals were purchased from Sigma Chemical
Company (St. Louis, MO) and used without further purifica-
(3) Aukunuru, J. V.; Sunkara, G.; Bandi, N.; Thoreson, W. B.; tjon.

Kompella, U. B. Expression of multidrug resistance-associated  Cg|| Culture. ARPE-19 cells were utilized between

protein (MRP) in human retinal pigment epithelial cells and its passages 22 and 30. Culture media consisted of D-MEM/

interaction with BAPSG, a novel aldose reductase inhibitor. . .
’ - 0
Pharm. Res2001 18, 565-572. F-12 supplemented with 10% fetal bovine serum, 15 mM

Bridges, C. C.; Kekuda, R.; Wang, H.; Prasad, P. D.; Mehta, P.; N-(2-hydroxyethyl)piperaziné¢-2-ethanesulfonic acid (HE-
Huang, W.; Smith, S. B.; Ganapathy, V. Structure, function, and PES), 29 mM sodium bicarbonate, penicillin (10§/mL),
regulation of human cystine/glutamate transporter in retinal and streptomycin (108g/mL). Medium was replaced every
pigment epithelial celldnzest. Ophthalmol. Visual S&@001, 42, other day. Cells were maintained at 32, in a humidified
47-54. ~ atmosphere of 5% CQand 90% relative humidity. For
Bridges, C. C.; El-Sherbeny, A.; Ola, M. S.; Ganapathy, V.; Smith, -\, a1 e studies, cells were plated at a density of 500000 cells/

S. B. Transcellular transfer of folate across the retinal pigment .
epithelium.Curr. Eye Res2002 24, 129-138. well on 12-well culture plates and incubated at°&7.

(6) Davis, A. A.; Bernstein, P. S.; Bok, D.; Turner, J.; Nachtigal,
M.; Hunt, R. C. A human retinal pigment epithelial cell line that (9) Philp, N. J.; Wang, D.; Yoon, H.; Hjelmeland, L. M. Polarized

(4

=

G

~

retains epithelial characteristics after prolonged cultimeest. expression of monocarboxylate transporters in human retinal

Ophthalmol. Visual Scil995 36, 955-964. pigment epithelium and ARPE-19 cellsvest. Ophthalmol. Visual
(7) Dunn, K. C.; Aotaki-Keen, A. E.; Putkey, F. R.; Hjelmeland, L. Sci.2003 44, 1716-1721.

M. ARPE-19, a human retinal pigment epithelial cell line with  (10) Ocheltree, S. M.; Keep, R. F.; Shen, H.; Yang, D.; Hughes, B.

differentiated propertieExp. Eye Resl996 62, 155-169. A.; Smith, D. E. Preliminary investigation into the expression of
(8) Han, Y. H.; Sweet, D. H.; Hu, D. N.; Pritchard, J. B. Characteriza- proton-coupled oligopeptide transporters in neural retina and

tion of a novel cationic drug transporter in human retinal pigment retinal pigment epithelium (RPE): lack of functional activity in

epithelial cells.J. Pharmacol. Exp. The2001, 296, 450-457. RPE plasma membrane8harm. Res2003 20, 1364-1372.
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Enzyme Linked Immunosorbent Assay (ELISA).ELISA 0.1% Triton-X solution was then added to each well and
was performed on ARPE-19 cells grown in 96-well tissue left overnight to solubilize the cells. Five hundred microliters
culture plates 2830 days postseeding. At the end of the of that solution was then transferred to scintillation vials
culture period medium was aspirated and the cells were containing 5 mL of scintillation cocktail. Cellular radioactiv-
washed twice with cold phosphate buffered saline (PBS). ity was quantified using a scintillation counter (model LS-
The cells were then fixed with 4% paraformaldehyde in PBS 6500, Beckman Coulter (Fullerton, CA)). Twenty microliters
at 4°C for 20 min. Following fixation, cells were subjected of the solution from each well was then taken to measure
to graded treatment with ethanol (50%, 75%, 95%, 75%, andthe protein content in each sample using the method of
50% ethanol, respectively). At the end of the ethanol Bradford?with bovine serum albumin as the standard (Bio-
treatment, cells were washed in PBS for 5 min and treatedRad protein estimation kit, Hercules, CA). Nonspecific
with 5% bovine serum albumin (BSA) in PBS containing binding was corrected by carrying out the uptake ac4
0.05% Tween 20 (PBST) fol h at 37 °C to reduce pH Dependence StudiesSolution pH was varied from
nonspecific binding. BSA solution was aspirated at the end 5.0 to 7.4 for pH dependence studies (pH adjusted with
of 1 h, and the cells were washed with PBST. Human MCT MES). In all cases, uptake of*C]L-lactic acid (0.5uCi/
specific primary antibodies (1:1000 dilution in PBST) were mL) was conducted according to the procedure described
then added and incubated  h at 37°C (only PBST was earlier.
added to control wells). At the end ofél2 h incubation Competitive Inhibition Studies. To delineate the struc-
period, the primary antibody solutions were removed and tural requirements for interaction with the carrier system,
the cells washed thrice with PBST. Following this, a solution uptake experiments were carried out using various carboxyl
of secondary antibodies (anti-rabbit IgG peroxidase conju- group containing compounds (mono-, di-, and tricarboxylic
gate, 1:30000 dilution) was added and allowed to incubate acids). Cells were incubated simultaneously wWifiS]. -lactic
for 2 h at 37°C. Subsequently the cells were washed in PBST acid (0.5uCi/mL) and 10 mM unlabeled carboxylic acid
three times and then incubated with the peroxidase substratgolutions (DPBS, pH 6.0), and uptake experiments were
tetramethylbenzidine (1-Step Ultra TMEELISA (Pierce, conducted as described earlier. Stereoselectivity of the carrier
Rockford, IL)) for 15 min. The reaction was stopped with system was also determined by adding botlandp-lactic
the addition 62 M sulfuric acid, and the solution color was  acid (unlabeled) as inhibitors.
measured using SpectraFluor Plus (Tecan NC) at 450 nm. Studies investigating effect of metabolic inhibitors, pro-

Concentration Dependence of -Lactic Acid Uptake. tonophores, anion transporter inhibitors, and sulfhydryl-group
Uptake studies were conducted based on our earlier publishednodifying agents were carried out by preincubating the cells
method&! with slight modifications. Briefly, 28-30 days for 10 min with buffer alone (control) or in the presence of
postseeding medium was removed and cells were washedvarious inhibitors. Uptake was then examined wittC]L-
twice with Dulbecco’s phosphate buffered saline (DPBS), lactic acid (0.5:Ci/mL) in pH 6.0 buffer, as described earlier.
pH 7.4, containing 130 mM NacCl, 2.5 mM KCI, 7.5 mM RT-PCR. Total RNA from ARPE-19 was extracted by
NaHPQO,, 1.5 MM KHPO,, 1 mM CaC}, 0.5 mM MgSQ the acid guanidium thiocyanat@henot-chloroform extrac-
and 5 mM glucose.-Lactic acid solutions were prepared at tion method:®* Random hexamers (Promega Corporation,
different concentrations (0.6115 mM) in DPBS, pH 6.0 Madison, WI) were used to reverse transcribegbof total
(pH adjusted with 24{-morpholino)ethanesulfonic acid RNA at 42°C for 60 min using SuperScript Il RT (Invitrogen
(MES)). The solutions were spiked with Q&i/mL of [*‘C]- Corporation). The reaction was terminated by heating at
L-lactic acid. Uptake was initiated by incubating the cells 70 °C for 10 min, followed by the addition of RNase H
with two milliliters of each solution for a predetermined time inhibitor (Promega Corporation, Madison, WI). Two micro-
at 37°C. Initial experiments revealed thatactic acid uptake liters of RT reaction solution were used to amplify MCT1
was linear for at least 60 s. Longer uptake times resulted inusing PCR. The reaction was carried out using primers
intracellular acidification and nonlinear kinetic profiles. designed from the published human MCT cDNA se-
Moreover, for studying uptake of compounds that are quences? The amplification conditions were one cycle at
metabolized by intracellular enzymes, uptake time must be 94 °C for 2 min, followed by 35 cycles at 92C for 45 s,
kept as short as possible, ideally less than 1 min, to reduceannealing at 68C for 1 min, and extension at 72 for
metabolism driven uptake. All subsequent experiments were2 min for MCT1 cDNAZ2“ Final extension was carried out
therefore carried out with a 30 s incubation period.

At the end of the incubation period, solution was aspirated (12) Bradford, M. M. A rapid and sensitive method for the quantitation
off and cells were washed twice with 2 mL of ice-cold stop of microgram quantities of protein utilizing the principle of
solution (0.52 g/L HEPES and 15.64 g/L KCI), to arrest protein-dye bindingAnal. Biochem1976 72, 248-254.
cellular uptake. One milliliter of 0.3 N NaOH containing (13) Chomezynski, P.; Sacchi, N. Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction.
Anal. Biochem1987, 162, 156—159.

(11) Majumdar, S.; Tirucherai, G.; Pal, D.; Mitra, A. K. Functional (14) Hadjiagapiou, C.; Schmidt, L.; Dudeja, P. K.; Layden, T. J.;
Differences in Nucleoside and Nucleobase Transporters Expressed Ramaswamy, K. Mechanism(s) of butyrate transport in Caco-2
on the Rabbit Corneal Epithelial Cell Line (SIRC) and Isolated cells: role of monocarboxylate transportem. J. Physiol200Q
Rabbit CorneaPharmSci2003 5 (2), article 15. 279 G775-G780.
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at 72°C for 10 min. The primers used for amplification were A
5'-CCA CAT GCC CAG TAT GTG TAT TTG-3(reverse
primer) and 5CTT GCT ACT AAACTG CTG TGT TGC-

3' (forward primer). Caco-2 cells, a human colon carcinoma
cell line which is known to express MCT1, was selected as
the positive control? The resultant product was sequenced
from both directions by SeqWright using an automated
Perkin-Elmer Applied Biosystems 3730x| PrismTM DNA
sequencer to establish its molecular identity.

Computer Analysis. Nucleotide sequence homology
matching was performed using basic local alignment tool
(BLAST) via on-line connection to the National Center of
Biotechnology Information (NCBI). Multiple nucleotide
sequence comparisons were done using CLUSTAL W (1.81)
multiple sequence alignment tool from Swiss-Prot.

Data Analysis. Uptake data was fitted to the classical
Michaelis—Menten equation denoted by eq 1. Lineweaver
Burke and EadieHofstee plots were constructed using
eq 2 and eq 3, respectively. is the total rate of uptake,

B
VmaxC

V= K,+C @)
1_ Ka 1 >
Vi + @)
V VmaxC Vmax =

%

V= Vinax = Kinis 3)

Vmax IS the maximum uptake rate for the carrier-mediated
processKn, (Michaelis—Menten constant) is the concentra-
tion at half the maximum velocity, an@ is the substrate
concentration. Cc

Data were fitted to eq 1 with the aid of a nonlinear least-
squares regression analysis program (Kaleida Graph V3.09,
Synergy Software).

Statistical Analysis. All experiments were conducted at
least in quadruplicate, and results are expressed as fhean vy
standard deviation. Michaelisvlenten parameter&,, and
Vmax are expressed as mean SE. Statistical analysis
between two groups was carried out with Studentést. A
difference between mean values was considered statistically
significant if thep value was<0.05.

Results

Concentration-Dependent Uptake of_-Lactic Acid. To
determine concentration dependency, uptake studies were
conducted by spiking 0.2Ci/mL of [*C]L-lactic acid to
various concentrations of unlabeledactic acid (0.+15

L-Lactic acid uptake
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Figure 1. Concentration dependent uptake of L-lactic acid.

mM). Uptake ofi.-lactic acid was found to display saturable  cejis were incubated in the presence of various concentra-
klnetl_cs (_Flgure 1A). Data were fitted to eql ar!d values for tigns of L-lactic acid. Uptake solutions were spiked with
the kinetic constantKn and Vimax for L-lactic acid uptake o5 ,Ci/mL of [24C]L-lactic acid, and total uptake was calcu-

were determined to be 34 0.6 mM and 63.1 4.1 pmol/  |ated. V represents the velocity of uptake (pmol/min/mg of
min/mg of protein, respgctlvely: Slmlla_r values for the kinetic  protein) and C the substrate concentration (mM). A: Michae-
parameters were obtained using a Linewea®urke plot lis—Menten plot. B: Lineweaver—Burke plot. C: Eadie—

(Km andVmaxWere 3.5 mM and 61.7 pmol/min/mg of protein, Hofstee plot. Results are expressed as mean + standard
respectively) (eq 2, Figure 1B) and an Eadi¢ofstee plot deviation (n = 4—6).
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Table 1. Uptake of [**C]L-Lactic Acid in the Presence of
Mono-, Di-, and Tricarboxylic Acids and L-Thyroxine?2

b —
uptake of [**C]L-lactic E E 0025
inhibitors acid as a % of control ~ SD 53
= & 002
monocarboxylic acids o Eﬂ *
L-lactic acid (10 mM) 5.69 216 ¥ €2 o015
p-lactic acid (10 mM) 34.05 314 o+ 5 @
benzoic acid (10 mM) 19.10 286  * 2= oo
salicylic acid (10 mM) 8.45 113 * ? E :
pyruvic acid (10 mM) 19.77 2.98 * - 0.005

dicarboxylic acids -
glutaric acid (10 mM) 110.12 8.11 oL—

fumaric acid (10 mM) 89.62 6.50 pHS pH 6 pH 7.4

phthalic acid (10 mM) 92.14 5.80

succinic acid (10 mM) 86.00 6.80 Figure 2. [*C]L-Lactic acid uptake by ARPE-19 as a function
tricarboxylic acid of pH. Results are expressed as mean =+ standard deviation

citric acid (10 mM) 94.20 5.80 (n = 4-6). Asterisks (*) represent significant difference from

rate of uptake at pH 5.0 (p < 0.05).
L-thyroxine 102.58 3.70

120
2 Results are expressed as mean =+ standard deviation (n = 4).

Asterisks (*) represent significant difference from control (p < 0.05).
100 -

(Km andVmaxwere 3.7 mM and 69.2 pmol/min/mg of protein, :
respectively) (eq 3, Figure 1C). :

Eadie-Hofstee transformation of the data (eq 3) pointed .
to the involvement of a single carrier protei? & 0.96) in
the uptake process (Figure 1C).

Effect of Mono-, Di-, and Tricarboxylic Acids and
L-Thyroxine on [*“C]L-Lactic Acid Uptake. Various mono-,
di-, and tricarboxylic acids were evaluated for their inhibitory
effect on [“C]L-lactic acid uptake by ARPE-19 cells. Studies
were conducted by spiking O:Ci/mL of [*“C]L-lactic acid
to the donor solutions in the presence or absence of an S T —
inhibitor. Solution pH was adjusted to 6.0 following prepara- 1mM 10mM
tion of the inhibitor solution. Table 1 depicts the effect of Figure 3. Uptake of [“C]L-lactic acid by ARPE-19 cells in
mono-, di-, e_md tricarboxylic acids (10 mM) oif_i‘(l;]l_-lactm the presence or absence (control) of metabolic inhibitors.
acid (0.5uCi/mL) uptake. Monocarboxylic acids produced Reguits are expressed as mean + standard deviation
significant inhibition of [“C]i-lactic uptake by ARPE-19  (, = 4—6). Asterisks (*) represent significant difference from
cells.L-Lactic acid, benzoic acid, salicylic acid, and pyruvic  control (p < 0.05).
acid decreased lactic acid uptake by approximately 94%,
80%, 90%, and 80%, respectively. On the other hand, di- z 4]

80 -

60 -

40 4

20 -

Uptake of [ *C]L-lactic acid as a % of control

and tricarboxylic acids did not demonstrate any measurable 120

inhibition of L-lactic acid uptake. 100 | #
Additionally, inhibition by unlabeled-lactic (94% inhibi- 80 |

tion) was significantly higher comparedelactic acid (65% 60

I“CIL—Iactic acid uptake as
% of control

| " *
40
20
0-+— :

inhibition), indicating that the transporter is stereoselective
(Table 1).
Uptake ofL-lactic acid was not affected in the presence
of 100 uM L-thyroxine (Table 1). Control NEM DIT  24DNP  DIDS

. - 1 ) .
Effect of pH and Metabolic Inhibitors on [ *'C]L-Lactic Figure 4. Effect of protonophores, sulfhydryl-group modifying

Acid Uptake. Uptake of [“C]L-lactic acid was investigated agents, and stilbene derivatives on [**C]L-lactic acid uptake

3\;2 ]:)ubnscé:'(\)/g(;)fttohgemr?g;(uimlme. (Egt%efarit(;?/gglg /lr{rﬁ)t?lf/t/ahen by ARPE-19 cells. Results are expressed as mean =+ standard
e p 9 deviation (n = 5—6). Asterisks (*) represent significant differ-

the pH was 5.0. Uptake rate at pH 5.0 was 7-fold higher
than that at pH 7.4 and 1.4 times higher than that at pH 6.0
(Figure 2). tion) both inhibited lactic acid uptake by ARPE-19 cells.
Metabolic inhibitors ouabain (a N&K* ATPase inhibitor) These studies were carried out by preincubating the cells
and sodium azide (an uncoupler of oxidative phosphoryla- with the inhibitor solutions (prepared in DPBS pH 7.4) for

ence from control (p < 0.05).
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Control CHC QuercetinpCMBA pCMBS pCMBS pCMBS pCMBS
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[“C]L-Lactic acid uptake as a % of control.

Figure 5. Effect of specific MCT inhibitors on [**C]L-lactic acid uptake by ARPE-19 cells. ARPE-19 cells were preincubated for
10 min in the presence of the inhibitors before initiation of uptake. Results are expressed as mean + standard deviation
(n = 4-5). Asterisks (*) represent significant difference from control (p < 0.05).
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Figure 6. Response of ARPE-19 cells to ELISA with rabbit anti-human MCT1 through MCT8 antibodies. Control cells did not
receive any antibody. Results are expressed as mean =+ standard deviation (n = 12). Asterisks (*) represent significant difference
from control (p < 0.05).

10 min prior to conducting the uptake studigéC]L-Lactic with the inhibitors for 10 min prior to an uptake experiment.
acid (0.5uCi/mL in DPBS pH 6.0) uptake was inhibited to  N-Ethylmaleimide (NEM, 50@:M) and dithiothreitol (DTT,
the extent of 20%, 43%, and 31% in the presence of 1 mM 500 uM) reduced uptake af-lactic acid by 58% and 30%,
sodium azide, 10 mM sodium azide, and 1 mM ouabain, respectively (Figure 4). These results indicate the involve-

respectively (Figure 3). ment of carrier-protein sulfhydryl groups in the translocation
Effect of Protonophores and Organic Anion Trans- process.
porter Inhibitors on [ *“C]L-Lactic Acid Uptake. Further Effect of Specific Monocarboxylic Acid Transporter

studies were carried out to investigate the effect of protono- Inhibitors. To delineate whether{C]L-lactic acid uptake
phores on the uptake aflactic acid. ARPE-19 cells were involves a monocarboxylic acid transporter, the effect of
preincubated with 50&M 2,4-dinitrophenol (DNP). DNP  specific monocarboxylate transporter inhibitors quercetin
produced 55% inhibition of-lactic acid uptake (Figure 4). (100 uM), a-cyano-4-hydroxycinnamate (CHC, 400M),

The organic anion transporter inhibitor DIDS did not produce pCMBA (500uM), and pCMBS on uptake was studied. Prior
any significant effect on-lactic acid uptake (Figure 4). to an experiment being conducted, cells were incubated for
Effect of Amino Acid Modifying Agents on L-Lactic 10 min with the inhibitors. All the inhibitors produced

Acid Uptake. To study the effect of amino acid modifying  significant decrease in the uptaketelfactic acid by ARPE-
agents on the uptake oflactic acid, cells were preincubated 19 cells. Quercetin decreased uptake by 40% whereas
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MCT-1

Figure 7. MCT1 cDNA was generated by reverse transcrip-
tion-PCR amplification of total RNA from ARPE-19 cells (lane
3) and Caco-2 (lane 4). Caco-2 cells were used as a positive
control. Aliquots of PCR products were analyzed by gel
electrophoresis on 3.0% agarose (n = 4). A major ~707-nt
band corresponding to the amplified human MCT1 cDNA
(lanes 3, 4) is observed. Negative control (lane 2), without
any RNA, did not show any background interaction. A 1 kbp
DNA ladder is shown on the left (lane 1).

pCMBA and CHC decreased uptake by 71% and 28%,
respectively (Figure 5).

pCMBS, an inhibitor of MCT1 but not of MCT2, exhibited
concentration dependent inhibition oflactic acid uptake
by ARPE-19 cells. Uptake was reduced by 79% and 93% in
the presence of 1 and 1M1 pCMBS, respectively (Figure
5).

Stock solutions of quercetin and pCMBS were prepared
in dimethyl sulfoxide (DMSO). Final concentration of
DMSO in the uptake medium was less than 5%. Control
studies containing 5% DMSO did not show any effect of
DMSO ont-lactic acid uptake (data not presented).

ELISA. ARPE-19 cells responded positively to ELISA
with affinity-purified rabbit anti-human MCT1, MCT4, and

MCT8 antibodies. Figure 6 compares the absorbance ob-

tained with the various MCT specific antibodies.
RT-PCR. PCR products were analyzed by gel electro-

phoresis on 3.0% agarose gel. A major band, corresponding

to the amplified human MCT1 cDNA, was observed in both

ARPE-19 and Caco-2 cells (Figure 7). The PCR product was
sequenced in both directions. The sequence obtained showed

maximum homology to hMCT1 using the BLAST search
program (NCBI).

Discussion

The objective of this study was to determine whether the
ARPE-19 cell line functionally mimics the native human
RPE with respect to expression of MCTs, and whether it

can serve as an in vitro screening tool for prodrugs targeted

toward this transporter.

L-Lactic acid uptake by ARPE-19 cells is saturable and
involves a single transporter as indicated by the Eadie
Hofstee Plot. Uptake appears to be proton-coupled as
decreasing the pH of the uptake medium resulted in higher
uptake ofL-lactic acid. MCTEMCT4 require binding of a
proton to the transporter initially followed by a lactate anion.
The proton and lactate are then translocated across the
membrane followed by their release on the other $ide.
the presence of a protonophore, the transporter is not
activated by proton binding and hence transcellular flux of
lactic acid is decreased. When DNP, a protonophore, was
added in the extracellular medium, uptakeLefctic acid
by ARPE-19 cells diminished. These results confirm that
lactic acid transport across the apical membrane of ARPE-
19 cells is proton-coupled. Our observations are consistent
with previous reports demonstrating proton-coupled MCT-
mediated translocation of monocarboxylate®.

Sodium azide (uncoupler of oxidative phosphorylation) and
ouabain (N&/K* ATPase inhibitors) significantly inhibited
uptake ofL-lactic acid. Inhibition of lactate transport by
ouabain is consistent with the uniqueness of the/Ka
ATPase polarization on the apical membrane of ARPE-19
cells®1” Normally Na'/K*™ ATPase pump is expressed on
the basolateral surface of epithelial cells.&a" ATPase
pump acts in conjunction with the NAd*™ exchanger and
maintains the intracellular pH through influx of Nand
efflux of H* when a proton gradient exists. NK™ ATPase
is involved in sodium homeostasis and generation of the
inwardly directed Na gradient required to drive the Na
H* exchange proced8Thus, inhibition of Na/K* ATPase
pump interferes with proton efflux from the intracellular
compartment, and consequently the pH gradient between the
intracellular and extracellular compartments is disrupted and
uptake ofL-lactic acid decreases.

L-Lactic acid uptake was significantly inhibited by all the
monocarboxylic acids tested. However, the di- and tricar-
boxylic acids did not produce any significant inhibition
confirming that the transporter involved in the uptake of
L-lactic acid by ARPE-19 cells is a monocarboxylate
transportet>1%-24 Quercetin and CHC, classical inhibitors
of MCTs*1521 decreased uptake of-lactic acid by

(15) Halestrap, A. P.; Price NT. The proton-linked monocarboxylate
transporter (MCT) family: structure, function and regulation.
Biochem. J1999 343 (Part 2), 28%299.

(16) Korte, G. E.; Wanderman, M. C. Distribution of NaK(+)-

ATPase in regenerating retinal pigment epithelium in the rabbit.

A study by electron microscopic cytochemistiyxp. Eye Res.

1993 56, 219-229.

(17) Defoe, D. M.; Ahmad, A.; Chen, W.; Hughes, B. A. Membrane
polarity of the Naf-)-K+ pump in primary cultures of Xenopus
retinal pigment epitheliumExp. Eye Resl994 59, 587—596.

(18) Anand, B. S.; Mitra, A. K. Mechanism of corneal permeation of
L-valyl ester of acyclovir: targeting the oligopeptide transporter
on the rabbit corned?harm. Res2002 19, 1194-1202.

(19) Emoto, A.; Ushigome, F.; Koyabu, N.; Kajiya, H.; Okabe, K.;
Satoh, S.; Tsukimori, K.; Nakano, H.; Ohtani, H.; Sawada, Y.
H(+)-linked transport of salicylic acid, an NSAID, in the human
trophoblast cell line BeWoAm. J.2002 282, C1064-C1075.
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ARPE-19 cells, further confirming the involvement of MCTs

L-lactic acid by ARPE-19 cells. Transport kinetics.efand

in the translocation of lactate across the ARPE-19 apical cell p-lactic acid is reported to be similar for the MCT1 and

membrane.

ELISA studies using affinity-purified anti-MCT1 through
MCTS8 specific antibodies indicated the expression of MCT1,
MCT4, and MCT8 proteins in the ARPE-19 cells. In an
earlier study, Philp et &linvestigated the expression of MCT
isoforms 1, 3, and 4 in ARPE-19 cells and reported the
expression of MCT1 on the apical and MCT4 on the

MCT4 isoforms, the only known difference being that the
affinity of MCT4 for L-lactate is much lower than that for
MCT1. The apparenK,, for L-lactic acid ranges between
10 and 22 mM for MCT4. Th&, associated with-lactic
acid uptake by ARPE-19 cells was determined to be 3.1 mM.
This value is in the range associated with MCT1 (355
mM).'®> Moreover, Eadie Hofstee transformation of the data

basolateral membrane under culture conditions identical to indicates the involvement of a single transporter in the uptake

those employed by us in this study. MCT3 protein was not
expressed in ARPE-19 ceflOur results are thus consistent
with the results of Philp et al. However, in this study we
find that MCT8 is also expressed in ARPE-19 cells, and this
is the first time that the possible presence of this MCT

isoform has been reported in retinal cells. Thyroid hormones

play a critical part in the differentiation and development of
retinal cells?® and MCT8, a specific thyroid hormone
transportef® may play a significant role in maintaining

processi? > 0.96). Considering thK, value of the uptake
process, involvement of MCT4 can be ruled out. This
conclusion is consistent with earlier reports demonstrating
the localization of MCT4 on the basolateral membrane of
ARPE-19 cells under identical culture conditidhs.

MCTS8 is reported to be a thyroid hormone transporter,
and it has been suggested that MCT8 is not involved in the
translocation of monocarboxylic aciéfsTo delineate the role
of MCT8 in the uptake of -lactic acid by ARPE-19 cells,

thyroid hormone homeostasis in the retina. Further studiesL-thyroxine, a high-affinity substrate of MCT8 was used
are warranted to confirm and characterize the expression ofin conjunction withL-lactic acid.L-Thyroxine did not exhibit

MCTS8 in ARPE-19 cells and native RPE.
To confirm that MCT2 is not involved in the translocation

any inhibitory effect on the uptake oflactic acid, indicating
that MCT8 is not involved in the uptake oflactic acid by

of L-lactic acid across the apical membrane of the ARPE-19 ARPE-19 cells. It is thus evident that MCT1 is the only
cells, pPCMBS was used as an inhibitor. pCMBS is a potent transporter involved in the translocation oflactic acid

inhibitor of MCT1 but does not produce any inhibition in
MCT2-mediated lactic acid uptake?”L-Lactic acid uptake
by ARPE-19 cells was drastically inhibited in the presence
of pCMBS (93% inhibition in the presence of 1QM
pCMBS), indicating that the MCT2 isoform is not involved
in the uptake process.

across the apical membrane of ARPE-19 cells.

MCT1 is known to be steroselectivewith L-lactic acid
displaying higher affinity for MCT1 compared t-lactic
acid. In this study, inhibition of\fC]L-lactic acid uptake was
significantly greater with tha-isomer compared to the
p-isomer of unlabeled lactic acid. Moreover, when sulfhydryl

Taken together, the above results suggest that only MCT group modifying agents, NEM and DTT, were added to the

isoforms 1, 4, and/or 8 can be involved in the uptake of

(20) Halestrap, A. P.; Wang, X.; Poole, R. C.; Jackson, V. N,; Price,
N. T. Lactate transport in heart in relation to myocardial ischemia.
Am. J. Cardiol.1997 80, 17A—25A.

(21) Lin, R. Y.; Vera, J. C.; Chaganti, R. S.; Golde, D. W. Human
monocarboxylate transporter 2 (MCT2) is a high affinity pyruvate
transporterJ. Biol. Chem.1998 273 28959-28965.

(22) Bonen, A. The expression of lactate transporters (MCT1 and
MCT4) in heart and musclé&ur. J. Appl. Physiol2001, 86, 6—11.

(23) Hanu, R.; McKenna, M.; O'Neill, A.; Resneck, W. G.; Bloch, R.
J. Monocarboxylic acid transporters, MCT1 and MCT2, in cortical
astrocytes in vitro and in viveAm. J. Physiol200Q 278 C921-
C930.

(24) Buyse, M.; Sitaraman, S. V.; Liu, X.; Bado, A.; Merlin, D.
Luminal leptin enhances CD147/MCT-1-mediated uptake of
butyrate in the human intestinal cell line Caco2-BBE.Biol.
Chem.2002 277, 28182-28190.

(25) Harpavat, S.; Cepko, C. L. Thyroid hormone and retinal develop-
ment: an emerging fieldThyroid 2003 13, 1013-1019.

(26) Friesema, E. C.; Ganguly, S.; Abdalla, A.; Manning, Fox, J. E.;
Halestrap, A. P.; Visser, T. J. ldentification of monocarboxylate
transporter 8 as a specific thyroid hormone transpodeBiol.
Chem.2003 278 40128-40135.

(27) Harding, E. A.; Day, M. L.; Gibb, C. A.; Johnson, M. H.; Cook,
D. I. The activity of the H--monocarboxylate cotransporter during
pre-implantation development in the mouB#uegers Arch1999
438 397-404.
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uptake medium, significant decrease in lactic acid uptake
was observed, suggesting the involvement of sulfhydryl
groups in the translocation of lactic acid and the involvement
of MCT1 in the apical uptake proce&sThese results support
our earlier observation that MCT1 is involved in the apical
transport ofi-lactic acid in ARPE-19 cells.

RT-PCR studies were carried out to confirm the expression
of MCT1 in ARPE-19 cells. A major band corresponding to
the amplified human MCT1 cDNA, in ARPE-19 cells, as
well as in the positive control (Caco-2), was observed.
Sequencing of the PCR product and subsequent BLAST
search (NCBI) revealed that the PCR product demonstrated
maximum homology to hMCT1, confirming the expression
of the MCT1 isoform in ARPE-19 cells.

MCT1-mediated transport aflactic acid across the apical
membrane of ARPE-19 cells is consistent with earlier reports
on polarized expression of MCTs in mouse and rat RPE.
ARPE-19 can thus serve as a valuable tool for screening
intravitreally administered prodrugs and drugs targeted
toward MCT1 expressed in the RPE.

(28) Orsenigo, M. N.; Tosco, M.; Bazzini, C.; Laforenza, U.; Faelli,
A. A monocarboxylate transporter MCT1 is located at the
basolateral pole of rat jejununkExp. Physiol.1999 84, 1033-
1042.



Functional Expression of MCT1 on ARPE-19 articles

Expression of MCT1 in endothelial cells of the retinal MCT3 (MCT isoform expressed on the basolateral membrane
blood vessels was earlier demonstrated by Hosoya %t al. of native RPE) will assume greater prominence. ARPE-19
Drug design and/or prodrug derivatization, for intravitreal cells will not be a good model for such studies as the
administration, targeting the MCTs may provide a viable basolateral MCT expressed by this cell line is MCT4 and
strategy to enhance drug concentrations both in the RPE anchot MCT3.
in retinal endothelial Cells, and may lead to hlgher therapeutic In COHC'USiOﬂ, this study demonstrates, for the first time’
efficacy in cytomegalovirus (CMV) retinitis (both RPE and  that MCT1 expressed on the apical membrane of ARPE-19
retinal endothelial cells are active sites of CMV replication) cells is functionally active and is the only MCT isoform
and other retinal diseases. Considering the bidirectional jnyolved in the apical uptake of monocarboxylates by ARPE-
nature of MCT-mediated transport, it may also be possible 19 cells. MCT1 polarization and functional activity in the
to deliver therapeutic drug concentration into the RPE or ARPE-19 cell line parallel those on native RPE. This cell
retinal endothelial cells following systemic administration. jine may thus be used as an effective screening tool for
However, when the prodrug is systemically administered, jntravitreally administered drugs/prodrugs targeted toward
MCT1 expressed on the RPE.

(29) Hosoya, K.; Kondo, T.; Tomi, M.; Takanaga, H.; Ohtsuki, S.;
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