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Abstract

Taurine is actively transported at the retinal pigment epithelial (RPE) apical membrane in an Na*-
and Cl™-dependent manner. Diabetes may alter the function of the taurine transporter. Because
nitric oxide (NO) is a molecule implicated in the pathogenesis of diabetes, we asked whether NO
would alter the activity of the taurine transporter in cultured ARPE-19 cells. The activity of the
transporter was stimulated in the presence of the NO donor 3-morpholinosydnonimine. The
stimulatory effects of 3-morpholinosydnonimine were not observed during the initial 16-h
treatment; however, stimulation of taurine uptake was elevated dramatically above control values
with 20- and 24-h treatments. Kinetic analysis revealed that the stimulation was associated with an
increase in the maximal velocity of the transporter with no significant change in the substrate
affinity. The NO-induced increase in taurine uptake was inhibited by actinomycin D and
cycloheximide. RT-PCR analysis and nuclear run-on assays provided evidence for upregulation of
the transporter gene. This study provides the first evidence of an increase in taurine transporter
gene expression in human RPE cells cultured under conditions of elevated levels of NO. cell
culture

TAURINE, a f-aminosulfonic acid, is the most abundant free amino acid in the retina (38).
A high concentration of taurine is essential for maintenance of the structural and functional
integrity of the retina (20, 34). The precise physiological role of taurine in the retina has yet
to be established, although it has been suggested to function in calcium modulation (23, 29,
34) and osmoregulation (7, 46, 50). Taurine is an unusual biological molecule. It is an amino
acid that is not required for protein synthesis, it accumulates in excitable tissues, and its
turnover rate is low (7-10 days). The only known metabolic role of taurine is in the
synthesis of taurine-conjugated bile acids. Taurine is a zwitterion at physiological pH and,
hence, carries no net charge. Because the intracellular concentration of taurine in tissues
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such as retina, heart, and placenta is 20-40 mM, taurine has been proposed to function as an
osmolyte (39). This proposed role is intriguing, because retinal cell edema is associated with
pathologies such as ischemia and reperfusion during diabetic retinopathy, macular edema,
and neurodegeneration (15, 24). Taurine has been proposed also to function as an
antioxidant. Taurine, in concert with zinc, protects rod outer segment membranes from ion
and/or water entry occurring as a consequence of membrane lipid peroxidation (37).
Recently, Keyes and Zimmerman (28) showed that taurine, in combination with retinol,
protects lipids from oxidative damage and may play a key role in protecting retinal pigment
epithelial (RPE) lipids during exposure to cyclic light.

In the retina, the concentration of taurine is highest in photoreceptor and RPE cells (27, 35,
55). These observations have prompted numerous investigations of transport mechanisms
for taurine. Functional studies suggest that a transporter for taurine is present on the apical
membrane of RPE (32, 33) and in cultured human RPE cells (30). Recently cDNAs for the
human taurine transporter have been cloned, and sequence homology places it within the
gene family of Na*- and CI~-dependent neurotransmitter transporters (25, 41). The human
taurine transporter cDNA encodes a protein of 619 amino acids with 12 putative
transmembrane domains. The taurine transporter in various cell types, including RPE cells,
is regulated by signal transduction pathways (3, 13, 26, 40), hypertonicity (50, 51), and
extracellular taurine levels (19, 26).

Recently, the effect of diabetes on taurine transporter activity was investigated. In vitro
studies by Stevens et al. (47) reported that high glucose levels rapidly and specifically
decreased the activity and mMRNA levels of the transporter in cultured RPE cells. In contrast,
in vivo studies of RPE from diabetic rats showed that uptake of taurine was elevated, rather
than decreased, suggesting that diabetes stimulates the activity of the taurine transporter
(53). A molecule implicated in the pathogenic complications of diabetes, including diabetic
retinopathy, is nitric oxide (NO) (14, 42, 48). Circulating levels of NO are elevated in
diabetes mellitus (2, 29). Yilmaz and co-workers (58) reported a fivefold elevation of NO in
the vitreous of patients with proliferative diabetic retinopathy compared with nondiabetic
control patients. NO is produced by different isoforms of NO synthases (NOS) (57). In the
retina, constitutive NOS and inducible NOS (iNOS) are present, the former in amacrine and
ganglion cells and the latter in RPE and Miiller cells (16, 45, 57). The cytokine-inducible
form of NOS has been demonstrated also in RPE cells. There is evidence that NOS activity
is increased in retinas of diabetic rats (8). Given that NO levels are increased in diabetic
retinopathy (42, 58) and that the diabetic condition may affect taurine transport (47, 53), we
were interested in determining the effects of NO on taurine transport in vitro. In the present
study, we used the well-differentiated RPE cell line ARPE-19 (9, 10) to assess the effects of
various NO donors on the activity and expression of the human taurine transporter. We
demonstrate that exposure of cells to the NO donor 3-morpholinosydnonimine (SIN-1) leads
to a dramatic increase in taurine transport activity. We further demonstrate that exposure of
these cells to SIN-1 upregulates taurine transporter gene expression.
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MATERIALS AND METHODS

Materials

Animals

[1,2-3H]taurine, [2,3-3H]alanine, [2,3,4,5-3H]arginine, and [a-32P]uridine triphosphate were
purchased from Amersham Pharmacia (Piscataway, NJ); [3,4-3H]glutamine and
[2,3-3H]glutamate from NEN Research Products (Boston, MA); and [3H(N)]carnitine and
[4,5-3H]leucine from Moravek Biochemicals (Brea, CA). TRIzol reagent and cell culture
supplies were purchased from Life Technologies (Gaithersburg, MD); Ultrahyb
hybridization solution from Ambion (Austin, TX); restriction enzymes and pGEM-T vector
from Promega (Madison, WI); SIN-1, sodium nitroprusside (SNP), and methylene blue from
Research Biochemicals International (Natick, MA); actinomycin D, cycloheximide, ascorbic
acid, glutathione, p-alanine, trypan blue solution, lipopolysaccharide (LPS, Escherichia
coli), and 8-bromo-guanosine 3’,5’-cyclic monophosphate (8-BrcGMP) from Sigma
Chemical (St. Louis, MO); and recombinant human interferon-y (IFN-y) from Biosource
International (Camarillo, CA). Human RPE (ARPE-19) cells were purchased from
American Type Culture Collection (Manassas, VA). Tissue-Tek OCT embedding compound
was obtained from Miles Laboratories (Elkhart, IN); the polyclonal antibody against rat
taurine transporter as well as the immunogenic control peptide from Alpha Diagnostic
International (San Antonio, TX); and the monoclonal anti-nitrotyrosine antibody from
Upstate Biologicals (Lake Placid, NY).

Three-week-old albino (ICR) mice were obtained from Harlan Sprague Dawley
(Indianapolis, IN). Animals were maintained on a 12:12-h light-dark cycle and were fed the
standard Purina mouse chow diet. Care and use of the animals adhered to the principles set
forth in The Guiding Principles in the Care and Use of Animals (DHEW Publication No.
80-23).

Cell culture

ARPE-19 cells were cultured in 75-cm? flasks with Dulbecco’s modified Eagle’s medium-
nutrient mixture F-12 (DMEM-F-12) supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, and 100 pg/ml streptomycin. Cultures were passaged by dissociation in 0.05%
(wt/vol) trypsin and seeded in 24-well culture plates. In one set of experiments assessing the
effects of NO donors in conjunction with elevated glucose levels, cells were exposed for 24
h to DMEM-F-12 containing 17 mM glucose or to DMEM-F-12 containing 45 mM glucose.

Uptake measurements in ARPE-19 cells

For uptake experiments, the culture medium was removed from ARPE-19 cells and the cells
were subsequently washed twice with uptake buffer. The composition of the uptake buffer
was 25 mM HEPES-Tris, 140 mM NaCl, 5.4 mM KCI, 1.8 mM CacCl,, 0.8 mM MgSOy,, and
5 mM glucose, pH 7.5. For experiments dealing with the influence of Na* and CI~ on the
transport process, the uptake buffers consisted of 20 mM HEPES-Tris (pH 7.5) containing
140 mM NaCl, sodium gluconate, or N-methyl-o-glucamine chloride. Uptake was initiated
by addition of 250 pl of uptake buffer containing radiolabeled substrates. Uptake
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measurements were done with a 15-min incubation at 37°C. At the end of the incubation,
uptake was terminated by removal of the medium by aspiration followed by three washes
with ice-cold uptake buffer without the radiolabeled substrates. The cells were then
solubilized in 0.5 ml of 1% sodium dodecyl sulfate (SDS) in 0.2 N NaOH and transferred to
scintillation vials for quantitation of radioactivity.

To determine the effects of NO on the activity of taurine transporter in ARPE-19 cells,
confluent cultures were incubated in the absence or presence of NO donors SIN-1 or SNP,
and the uptake of [3H]taurine was measured. The majority of experiments were done with
SIN-1, the more potent of the two NO donors in stimulating the taurine transporter. In one
set of experiments, cells were incubated simultaneously with the cytokines LPS (20 ng/ml)
and IFN-vy (1 ug/ml), and the uptake of [3H]taurine was measured. The recovery of the
stimulation of taurine uptake was assessed by incubating ARPE-19 cells with 1 mM SIN-1
for 24 h, removing the uptake buffer, and replacing the buffer with culture medium. Cells
were then maintained in the medium for 0, 2, 4, 6, and 24 h before assessment of the
recovery of stimulated uptake of [3H]taurine. To test the specificity of NO donors in
stimulating the activity of the taurine transporter, ARPE-19 cells were incubated with 1 mM
SIN-1 for 24 h at 37°C, and then uptake of [3H]taurine and the radiolabeled compounds
glutamate, glutamine, alanine, arginine, carnitine, and leucine was measured for 15 min. The
capacity of antioxidants and NO scavengers to block the SIN-1-induced stimulation of
taurine uptake by the taurine transporter was examined by incubating ARPE-19 cells in
uptake buffer containing SIN-1 only vs. SIN-1 in the presence of ascorbate (10 mM),
glutathione (10 mM), or methylene blue (1 mM). Cells were treated also with ascorbate (10
mM), glutathione (10 mM), or methylene blue (1 mM) independently to assess whether
these agents had any effect of their own on taurine uptake by cultured ARPE-19 cells. Cells
were treated also for 16 h with 8-BrcGMP (100 uM), a cell-permeable cGMP analog, and
the uptake of [3H]taurine was measured. To determine whether cells incubated with SIN-1
were positive for nitrotyrosine, ARPE-19 cells were cultured to confluency on chamber
slides. They were incubated for 2 h in the presence or absence of SIN-1. Cells were fixed in
4% paraformaldehyde for 10 min and permeabilized with acetone for 5 min. Slides were
incubated overnight with the polyclonal antibody against nitrotyrosine (1:100) at 4°C. The
sections were subsequently incubated overnight at 4°C with FITC-conjugated anti-mouse
1gG (1:100). Sections were examined by epifluorescence using a Zeiss Axioplan 2
microscope equipped with a Spot camera and Spot software (version 2.2).

Data analysis

Each uptake experiment was performed in duplicate or triplicate and was repeated two to
four times. Data analysis (analysis of variance) was performed using the NCSS statistical
software package (P < 0.05 was considered significant). Kinetic analysis was done using the
computer program Fig.P (version 6.0, Biosoft, Cambridge, UK). Data are presented as
means + SE.
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Semiquantitative RT-PCR analysis of the steady-state levels of mMRNAs for taurine
transporter and glyceraldehyde-3-phosphate dehydrogenase

Confluent cultures of ARPE-19 cells were treated with or without 1 mM SIN-1 for 24 h at
37°C, and poly(A)* mRNA was then prepared from these cells using the TRIzol reagent.
RT-PCR was carried out using primer pairs specific for human taurine transporter and
human glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers specific for
human taurine transporter were 5-GCTAGCTGCATAGTAGTC-3’ (sense) and 5'-
TGGAACACACCTCACTGC-3 (antisense) and corresponded to nucleotide positions 872—
889 and 1751-1769, respectively, of the human taurine transporter cDNA (41). The primers
specific for human GAPDH were 5-AAGGCTGAGAACGGGAAGCTTGTCATCAAT-3
(sense) and 5’-TTCCCGTTCAGCTCAGGGATGACCTTGCCC-3’ (antisense),
corresponding to nucleotide positions 241-270 and 711-740 in human GAPDH cDNA (49).
Each of these RT-PCR products was subcloned in pGEM-T vector and sequenced to
establish its identity. For semiquantitative RT-PCR, PCR following reverse transcription
was carried out with various numbers of cycles (range 9-30). The products were size
fractionated on an agarose gel and subjected to Southern hybridization with probes specific
for the taurine transporter or GAPDH. These probes were generated by labeling the
respective subcloned RT-PCR products with [32P]dCTP. The intensity of the hybridization
signal was quantified using the STORM Phosphorlmaging System (Molecular Dynamics,
Sunnyvale, CA). The relationship between the intensity of the signal and the PCR cycle
number was then analyzed to determine the linear range for the PCR product formation. The
intensities of the signals within the linear range were used for data analysis.

Nuclear run-on transcription assay

To monitor SIN-1-induced changes in the transcription rate of the taurine transporter gene,
the nuclear run-on assay was performed as described elsewhere (18) with modifications.
ARPE-19 cells were incubated for 24 h with or without 1 mM SIN-1. Nuclei were isolated
by homogenization with 10 strokes in a Dounce homogenizer in 2 ml of lysis buffer [10 mM
Tris-HCI, pH 7.4, 3 mM CacCly, 2 mM MgCl,, and 1% (vol/vol) NP-40] followed by
centrifugation at 500 g for 5 min at 4°C. Pelleted nuclei were frozen immediately in liquid
nitrogen in 200 pl of freezing buffer [50 mM Tris-HCI, pH 8.3, 40% (vol/vol) glycerol, 5
mM MgCl,, and 0.1 mM EDTA] until the assay was performed. The in vitro labeling of
nascent RNA was performed in 200 pl of 2x reaction buffer {10 mM Tris-HCI, pH 8.0, 5
mM MgCl,, 0.3 M KCI, 10 mM dithiothreitol, 1 mM each ATP, GTP, and CTP, and 10 pl
of [a-32PJUTP (10 mCi/ml)}. The mixture was incubated for 30 min at 30°C. RNA was
isolated using the TRIzol reagent according to the manufacturer’s instructions. RNA was
suspended in 50 pl of 10 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid, pH
7.4,10 mM EDTA, and 0.2% (wt/vol) SDS, heated for 5 min at 90°C, and added directly to
the hybridization solution. To prepare membranes for hybridization with radiolabeled RNA,
20 pg of plasmid DNA, containing the human taurine transporter cONA in pGEM-T vector,
were linearized with the restriction enzyme Sall. DNA was denatured by addition of 0.4 M
NaOH for 30 min at room temperature and then neutralized by addition of 6x saline-sodium
citrate (SSC) and placement on ice. The slot-blot apparatus was prepared, and 5 ug of
plasmid DNA were applied to each slot under low vacuum. Each slot was rinsed with 500 pl
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of 6x SSC. Membrane strips were prehybridized for 2 h at 68°C in Ultrahyb hybridization
buffer. Membranes were hybridized overnight at 68°C using 1 ml of the same buffer
containing radiolabeled RNA. After hybridization, membranes were washed twice for 5 min
each in 2x SSC and 0.1% SDS at 68°C and twice for 15 min each in 0.1% SSC and 0.1%
SDS at 68°C and exposed to X-ray film.

Laser scanning confocal microscopic analysis of taurine transporter in cultured ARPE-19
cells and in intact RPE

Immunohistochemical methods were used to localize taurine transporter in cultured human
ARPE-19 cells and in RPE of intact mouse eyes. Eyes from 3-wk-old albino mice were
enucleated and frozen immediately in Tissue-Tek OCT, and 10-pum-thick cryosections were
prepared. The cells were fixed with ice-cold methanol, and the cryosections were fixed with
ice-cold acetone. Cells and cryosections were blocked with 10% normal goat serum.
Samples were incubated with an affinity-purified polyclonal antibody against rat taurine
transporter. The rabbit anti-taurine transporter antibody (Alpha Diagnostics) was prepared
using a 20-mer peptide (designated Tau-11) near the carboxy-terminal cytoplasmic region of
rat TAUT-1 (43). The immunogenic peptide used in production of the antibody shows 100%
homology to rat and mouse and 90% to human and canine taurine transporter. The antibody
has been shown to cross-react with mouse, human, rat, and cat tissues. Cells were incubated
with the primary antibody for 3 h at room temperature at a dilution of 1:100; tissue
cryosections were incubated for 3 h at room temperature at a dilution of 1:50 and incubated
overnight at 4°C. To demonstrate the specificity of the antibody, the primary antibody was
neutralized with an excess of the antigenic peptide before use for incubation with tissue
sections. Additional negative controls included using buffer only and 0.1% normal rabbit
serum in place of the primary antibody. After they were rinsed, all samples were incubated
overnight at 4°C with an FITC-conjugated AffiniPure goat anti-rabbit 1gG at a dilution of
1:100. Cells and cryosections were optically sectioned (z-series) using a Nikon Diaphot 200
Laser Scanning Confocal Imaging System (Molecular Dynamics). Images were analyzed
using the Image Display 3.2 software package (Silicon Graphics, Mountain View, CA).

RESULTS

The present study focused on the role of NO in the regulation of the human taurine
transporter in cultured human ARPE-19 cells. Before testing the activity of the transporter in
ARPE-19 cells, we sought to establish its presence using immunohistochemical methods.
ARPE-19 cells were cultured to confluency on plastic chamber supports. The cells were
incubated with a commercially available, affinity-purified antibody against the taurine
transporter. As shown in Fig. 1, laser scanning confocal optical sections of cells
demonstrated intense labeling with the antibody. In Fig. 1A, cells were sectioned optically in
the vertical plane, allowing the distribution of the protein to be viewed from the sides of the
cells. There appeared to be protein distributed throughout the cell cytoplasm. In Fig. 1B,
cells were scanned in a horizontal plane, allowing the cells to be viewed from above. There
was an abundance of bright fluorescence across the apical surface of the cells. These data
supported the use of ARPE-19 cells for study of taurine uptake activity. Incubation of cells
with the antibody that had been incubated with an excess of immunogenic control peptide
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resulted in no positive staining (Fig. 1C). Although it is necessary to use cultured cells to
study the activity of the taurine transporter, we considered it essential also to confirm the
presence of the taurine transporter in RPE cells in an intact mammalian retina, inasmuch as
there have been no immunohistochemical studies documenting the presence of the
transporter in RPE. To this end, we used cryosections of mouse retina (Fig. 2). A
hematoxylin-and-eosin-stained cryosection of the outer retina (Fig. 2A) is provided for
comparison to the photomicro-graph of the immunolabeled section (Fig. 2B). The outer
portion of the retina, including the outer nuclear layer of photoreceptor cell nuclei, and the
inner segments of these cells are labeled. The RPE is the single layer of epithelial cells
between choroid and outer segments. Figure 2B shows a cryosection of mouse retina
incubated with the antibody against the taurine transporter. The taurine transporter was
detected abundantly in RPE and was present throughout much of the RPE cell cytoplasm.
The taurine transporter was expressed also in the photoreceptor cell inner segments, in
which the endoplasmic reticulum, Golgi apparatus, and other organelles are located (Fig.
2B). Labeling was present in other regions of the retina, including the retinal ganglion cell
layer and outer plexiform layer (data not shown).

Stimulation of human taurine transporter by NO donors

Figure 3A shows the effect of the NO donors SIN-1 and SNP on the uptake of 80 nM
[3H]taurine by the taurine transporter in human ARPE-19 cells. Both NO donors, at 1 mM
and when incubated with cells for 24 h, stimulated the uptake process. SIN-1 was a more
potent stimulator of taurine uptake than SNP. Exposure of ARPE-19 cells to SIN-1 led to a
3.5-fold stimulation of taurine uptake. Exposure of cells to 1 mM SNP under similar
conditions resulted in an ~2.5-fold stimulation of taurine uptake. Figure 3B shows the dose-
response relationship for SIN-1. SIN-1 was ineffective up to 100 uM. The stimulation was
seen only at 1 mM. The effect was observed with freshly prepared SIN-1. Incubation of cells
with “spent” SIN-1 (i.e., SIN-1 that had been prepared 48 h before incubation) showed a
markedly reduced stimulatory effect (data not shown).

To determine whether incubation of cells with NO donors affected Na* or CI~ dependency
of the taurine transporter, cells were incubated for 24 h with or without SIN-1, and the
uptake of [3H]taurine was measured in the presence of NaCl in the absence of Na* but in the
presence of CI~ (N-methyl-o-glucose chloride) or in the presence of Na* but the absence of
CI™ (sodium gluconate). The inhibition of taurine uptake by B-alanine, a known competitive
inhibitor of taurine uptake (54), was also assessed in cells exposed to SIN-1. As shown in
Table 1, taurine uptake was observed only in the presence of NaCl. In the absence of Na* or
CI7, the uptake was reduced to 5% of the control. SIN-1 stimulated the uptake only in the
presence of NaCl but did not stimulate taurine uptake in the absence of Na* or CI~. p-
Alanine inhibited taurine uptake in the presence and absence of SIN-1. These data suggest
that NO did not affect the Na*/CI~ dependency of the taurine transporter, nor did it alter the
inhibitory effect of B-alanine on taurine uptake. We also analyzed the Na*- and CI~-
activation kinetics of taurine uptake in control cells and in cells treated with SIN-1 (data not
shown). The activation of taurine uptake with increasing concentrations of Na* (the
concentration of CI~ was kept constant at 140 mM) exhibited a sigmoidal relationship in
control and SIN-1-treated cells. In both cases, the Hill coefficient was 2 (1.7 + 0.6 and 2.2 =
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0.1 in control and SIN-1-treated cells, respectively). The activation of taurine uptake with
increasing concentrations of CI~ (the concentration of Na* was kept constant at 140 mM)
exhibited a hyperbolic relationship in control and SIN-1-treated cells. In both cases, the Hill
coefficient was 1 (0.96 + 0.10 and 0.93 + 0.07 in control and SIN-1-treated cells,
respectively). Thus the Na*-Cl~-taurine stoichiometry remained 2:1:1 in control cells and in
cells treated with SIN-1.

To determine whether stimulation of taurine uptake by SIN-1 was influenced by exposure of
cells to high glucose, ARPE-19 cells were incubated for 24 h in medium containing high (45
mM) or normal (17 mM) glucose present in the DMEM-F-12 culture medium (9, 10). For
each glucose concentration, cells were incubated with or without 1 mM SIN-1. Uptake of
[3H]taurine (80 nM) in cells grown in high or low glucose without SIN-1 was 1.89 + 0.08
and 1.80 + 0.06 pmol-mg protein~1.15 min~1, respectively. Uptake of [3H]taurine in cells
grown in high or low glucose in the presence of SIN-1 was 3.59 £ 0.11 and 3.53 £ 0.10
pmol-mg protein~1.15 min~1, respectively. These data suggest that exposure of cells for 24 h
to high levels of glucose does not alter the SIN-1-induced stimulation of taurine uptake by
ARPE-19 cells. To determine whether induction of iNOS activity with cytokines can
replicate the results achieved by the addition of the NO donor molecules, RPE cells were
incubated for 48 h with the cytokines LPS (20 ng/ml) and IFN-vy (1 pg/ml). It has been
shown in cultured RPE cells that incubation with these cytokines induces the synthesis of
iNOS and production of NO (45). Uptake of [3H]taurine (80 nM) in cells grown in the
presence of both of these cytokines was 2.50 + 0.11 pmol-mg protein~-15 min~1, which was
~50% greater than uptake in control cells (1.73 + 0.06 pmol-mg protein~1.15 min~1). These
data suggest that exposure of RPE cells to cytokines known to induce NOS can stimulate
taurine uptake in a manner similar to exposure directly to NO donors.

Time course of stimulation of taurine uptake by SIN-1

After determining that SIN-1 stimulated the uptake of taurine in ARPE-19 cells after 24 h of
incubation, we performed a time-course study. Figure 4 shows the data for exposure of cells
for various lengths of time to 1 mM SIN-1. During the initial 16 h of exposure to SIN-1, the
uptake of taurine was similar to that of cells not exposed to the NO donor; however, by 18 h
the uptake of taurine in SIN-1-treated cells increased and was dramatically elevated above
control values by 20 and 24 h.

Inhibition of NO-induced stimulation of taurine transporter by antioxidants and NO
scavengers

To determine whether the stimulation of taurine uptake by SIN-1 could be inhibited by
antioxidants and NO scavengers, ARPE-19 cells were incubated for 24 h with or without 1
mM SIN-1 in the presence or absence of antioxidants, ascorbate (10 mM) or glutathione (10
mM), or with the NO scavenger methylene blue (1 mM). The uptake of [3H]taurine (80 nM)
was then measured for 15 min in these cells. As shown in Fig. 5, uptake of taurine was
threefold higher in cells treated with SIN-1 alone than in cells treated similarly but in the
absence of SIN-1. When cells were incubated simultaneously with SIN-1 and ascorbate or
SIN-1 and glutathione, the SIN-1 stimulation of taurine uptake was markedly attenuated.
Similarly, methylene blue also attenuated the stimulatory effect of SIN-1 on taurine uptake.
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These antioxidants and NO scavengers by themselves had no noticeable effect on taurine
transporter activity (data not shown). Incubation of ARPE-19 cells with SIN-1 for 2 h
followed by immunohistochemical detection of nitrotyrosine revealed the presence of higher
levels of nitrotyrosine in cells treated with SIN-1 (Fig. 6A) than in cells not exposed to
SIN-1 (Fig. 6B). A positive nitrotyrosine reaction is considered an indicator of NO
production. These data further support the belief that the SIN-1-induced stimulation of
taurine transporter in ARPE-19 cells is mediated through NO. In experiments in which
ARPE-19 cells were exposed to 8-BrcGMP (100 uM), the uptake of taurine (80 nM) was
stimulated 23% (2.67 = 0.10 pmol/mg protein) compared with control cells (2.17 + 0.14
pmol/mg protein), suggesting that the influence of NO on taurine transporter is mediated, at
least in part, by cGMP.

Specificity of NO-induced stimulation of taurine transporter

The NO-induced stimulation of [3H]taurine uptake in ARPE-19 cells was not a nonspecific
effect, because the uptake of other nutrients, glutamine, glutamate, alanine, arginine,
carnitine, and leucine, was not affected under identical experimental conditions (Table 2).
Because the uptake of taurine was actually stimulated in the presence of SIN-1, while uptake
of other compounds was not affected, it is not likely that SIN-1 damaged the RPE cells.
Total protein levels measured in cells (n = 8) exposed to SIN-1 (0.21 £+ 0.02 mg) did not
differ significantly from protein levels in cells not exposed to SIN-1 (0.23 = 0.02, P > 0.5).
Moreover, when cells were cultured in the presence or absence of SIN-1 for 24 h and
subjected to the trypan blue exclusion assay (0.2% wt/vol) to assess cell viability, there was
no significant difference in the number of cells excluding the dye (data not shown).

Kinetic analysis of NO-induced stimulation of taurine transporter activity

We then analyzed the kinetics of taurine transporter in control cells and in cells treated for
24 h with 1 mM SIN-1 (Fig. 7). The analysis showed that the increase in the transport
activity of the taurine transporter observed in SIN-1-treated ARPE-19 cells compared with
control cells was primarily associated with an increase in the maximal velocity of the
transporter with no significant change in the substrate affinity. The maximal velocity of
taurine uptake was 3.5-fold greater in SIN-1-treated cells than in control cells (697.8 + 61.9
vs. 194.3 + 25.6 pmol-mg protein~1.15 min~1). The Michaelis-Menten constant for taurine
remained almost the same in SIN-1-treated and control cells (9.4 £ 1.9 vs. 8.9 = 2.7 uM).

We next examined the influence of cycloheximide (an inhibitor of translation) and
actinomycin D (an inhibitor of transcription) on the SIN-1-induced increase in taurine
transporter activity. Both compounds significantly decreased the stimulatory effect of SIN-1.
As shown in Fig. 8, incubation of cells with SIN-1 in the absence of actinomycin D or
cycloheximide (control) resulted in a stimulation of taurine transport as described above.
When cells were pretreated with either of the inhibitors for 2 h and then incubated with these
compounds in the presence of SIN-1, the stimulatory effect of SIN-1 was eliminated. These
data suggest that the stimulatory effect of SIN-1 on taurine transporter activity involves de
novo synthesis of RNA and protein.
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Semiquantitative RT-PCR analysis of NO-induced stimulation of the taurine transporter

We then investigated the influence of SIN-1 treatment on the steady-state levels of MRNA
transcripts specific for the taurine transporter. mMRNA samples isolated from control and
SIN-1-treated ARPE-19 cells were used for semiquantitative RT-PCR for the determination
of the levels of mMRNA transcripts. As an internal control, we determined the steady-state
levels of the GAPDH mRNA in the samples in parallel. RT-PCR was done with a wide
range of PCR cycles (i.e., 9-30). The resultant products were run on a gel and then subjected
to Southern hybridization with 32P-labeled cDNA probes specific for the taurine transporter
and GAPDH. The hybridization signals were quantified using the STORM
Phosphorimaging System, and the intensities that were in the linear range with the PCR
cycle number were used for analysis. The results of these experiments (Fig. 9) showed that
in the cells treated with SIN-1, the steady-state levels of taurine transporter mRNA increased
markedly compared with control cells. These results demonstrate that the SIN-1-induced
increase in taurine transporter activity is likely due to increased expression of the gene
coding for the transporter.

Nuclear run-on assay

To confirm the results of the semiquantitative RT-PCR data, we used the nuclear run-on
transcription assay, which is a sensitive method for direct measurement and comparison of
specific gene transcription in cells (17). We isolated nuclei from ARPE-19 cells that had
been incubated for 24 h in the presence or absence of SIN-1 and prepared 32P-labeled
nascent RNA as described by Greenberg and Bender (17). The RNA was subsequently used
in slot-blot analysis on membranes to which the human taurine transporter cONA had been
applied to quantitate specifically the taurine transporter mMRNA in the nascent RNA samples.
As shown in Fig. 10, the intensity of the signal for the taurine transporter mMRNA from
ARPE-19 cells incubated with SIN-1 was much greater than that in cells not incubated in
SIN-1. Densitometric scans of the bands revealed a 12-fold greater intensity in the SIN-1-
treated than in the control cells. This experiment was carried out twice, and the results were
the same in both cases. The data provide strong support that transcription of the taurine
transporter gene is stimulated in the presence of the NO donor SIN-1.

DISCUSSION

The present study was designed to assess the effects of NO on the transport of taurine by
cultured human RPE cells. NO is a mediator of many physiological processes, such as
vasodilation and neurotransmission; it is recognized also for its toxic effects (14). NO has
been implicated in the pathogenesis of diabetic retinopathy (2, 14, 29, 42, 48, 57, 58). We
have shown recently that, in cultured RPE cells, NO stimulates the transport of cystine, the
disulfide form of cysteine, which is required for synthesis of the antioxidant glutathione (4).
In the present study, we asked whether the transport of taurine would be affected similarly.
Taurine is thought to have antioxidant properties (28, 37). Moreover, there is convincing
evidence that it functions in osmoregulation (5, 39, 50).

To determine whether NO altered the activity of the taurine transporter, we used the well-
differentiated ARPE-19 cell line. These cells are a rapidly growing RPE cell line established
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in the laboratory of Dr. Larry Hjelmeland (University of California, Davis). They form a
uniform population of polarized epithelial monolayers on porous filter supports. They retain
features characteristic of RPE cells, including defined cell borders, a cobblestone
appearance, noticeable pigmentation (9, 10), and the capacity to phagocytose outer segment
disks (11). The usefulness of these cells in studying the transport of folate was established
recently (6). In the present study, we used immunohistochemical methods to determine
whether the taurine transporter is present in ARPE-19 cells. With the use of an affinity-
purified antibody against the transporter, our confocal microscopic analysis clearly showed
that the transporter is present in ARPE-19 cells. The horizontal scans suggested that the
protein was available on the apical membrane and was present also throughout the cells. A
number of functional studies from our laboratory and others had suggested the presence of
the transporter on the apical surface of cultured RPE cells (30, 32, 33); however, this report
represents the first immunohistochemical evidence to that effect. To confirm the localization
of the taurine transporter to RPE in vivo, we used cryosections of normal mouse eye. The
antibody detected a strong positive signal in several layers of the retina, including the retinal
ganglion cells, outer plexiform layer, photoreceptor cell inner segments, and the RPE.
Although recent in situ hybridization studies have localized the mMRNA encoding mouse
taurine transporter to these same retinal layers (54), our data represent the first
immunohistochemical evidence of the location of the transporter in any mammalian retina.
The detection of the taurine transporter in intact RPE is important confirmation of the
presence of the protein in RPE in vivo and validates the use of RPE cells to study its
function in vitro.

Having established the presence of the transporter in ARPE-19 cells, we sought to address
the effects of NO on taurine transport. We used the NO donors SIN-1 and SNP. Incubation
of ARPE-19 cells with SIN-1 or SNP caused a marked stimulation of uptake of taurine by
the transporter. Inasmuch as SIN-1 was more potent than SNP in triggering this effect, the
remaining experiments were conducted with SIN-1. The effects on taurine transporter
activity by SIN-1 were not immediate. Rather, the increased activity was observed after 18 h
of incubation with the NO donor. Incubation of cells for 24 h with SIN-1 led to a 3.5-fold
stimulation of taurine transporter activity. Incubation with SIN-1 did not affect the Na* or
CI~ dependency of the taurine transporter, the Na*- and Cl™-activation kinetics, or the
capacity of f-alanine to compete with taurine for the uptake process. Taurine uptake in
ARPE-19 cells was not only stimulated by NO donors directly, but also by exposure of the
cells to agents such as LPS that are known to induce NOS (45). Additional experiments
suggested that the SIN-1 effects on taurine transporter activity were mediated via NO.
Treatment of ARPE-19 cells with NO scavengers inhibited SIN-1 stimulation of taurine
transporter activity. Moreover, immunohistochemical analysis assessing nitrotyrosine
production in SIN-1-treated cells showed positive reactivity, indicating that NO was
produced.

Kinetic analysis showed that the increased activity of the taurine transporter in the presence
of SIN-1 was not due to an increase in substrate affinity but, rather, to an increase in the
maximal velocity of taurine uptake. Such data suggest that synthesis of the taurine
transporter may be increased in the presence of NO donors. To test this further, we cultured
ARPE-19 cells in the presence of SIN-1 plus agents that inhibit transcription and translation,
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actinomycin D and cycloheximide, respectively. In both cases, the SIN-1-induced increase
in taurine transporter activity was completely inhibited. Semiquantitative RT-PCR provided
further evidence that NO increases the steady-state levels of taurine transporter mRNA ~3.5-
fold. Although NO stimulated the uptake of taurine by ARPE-19 cells, it had little effect on
the transport of other amino acids such as alanine or glutamate. The observed increase in
steady-state levels of taurine transporter mMRNA levels may be due to an increase in the
transcription rate of the taurine transporter gene or an increase in the stability of the taurine
transporter mMRNA. The finding that the increased mRNA levels are completely abolished by
the transcription inhibitor actinomycin D argues in favor of the gene expression as the site of
regulation of the NO-mediated increase in mMRNA levels. Moreover, the data obtained from
the nuclear run-on transcription assay provide strong evidence that the increase in taurine
transporter MRNA levels is due to increased transcriptional activity.

These data provide the first evidence that taurine transporter activity is regulated by NO.
They are important, because NO levels are increased in diabetic retinopathy, the leading
cause of blindness among working-aged Americans (56). Other investigators have examined
taurine transporter activity under hyperglycemic conditions. Stevens et al. (47) showed that
taurine transporter activity decreased within 4 h of exposure of human RPE cells to 30 mM
glucose. On the other hand, Vilchis and Salceda (53) studied uptake of taurine in RPE
isolated from rats that had been diabetic for 3 and 6 wk. They found a stimulation of taurine
uptake in diabetic RPE compared with normal RPE. The differences in the experimental
outcomes from these two laboratories may reflect differences in the length of time RPE cells
were exposed to hyperglycemic conditions. In the case of cultured cells (47), the earliest
effect of high glucose appears to be a down-regulation of the transporter. Thus the acute
effect of hyperglycemia on the taurine transporter in RPE cells seems to be a
downregulation of the transporter expression. This effect was accompanied by a decrease in
intracellular levels of taurine. The long-term effects of hyperglycemia on the taurine
transporter in the RPE cells used in that study are not known. Interestingly, in the present
study, exposure of ARPE-19 cells to high glucose for 24 h did not affect taurine transporter
function. In the case of the studies of diabetic rats (53), taurine transporter activity increased.
In this in vivo model, the retinas would have been subjected constantly to a hyperglycemic
state for several weeks. It is noteworthy that the increased taurine transporter activity was
greater after 6 wk of diabetes than after 3 wk. Because animal studies have shown that
chronic hyperglycemia increases taurine transport activity in RPE cells (53), we speculate
that long-term diabetes may be associated with elevated NO production, which in turn
stimulates the taurine transporter expression. Our experimental findings showing NO-
induced stimulation of taurine uptake in cultured RPE cells support this speculation. That is,
they may suggest that, in diabetic retinopathy, NO is one of the molecules responsible for
the observed upregulation of taurine transporter expression and activity. Our experiments
address an important aspect of the altered diabetic state on RPE cells, that of increased
levels of NO. Thus our data showing an upregulation of taurine transport in cultured cells
may reflect conditions of longer-standing diabetes, rather than immediate effects of the
initial exposure of the cells to hyperglycemia.

Because NO is known to function as a vasodilator (14) and because diabetic retinopathy has
an ischemic component in which NO levels may be decreased, it may seem paradoxical to
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implicate NO in the pathogenesis of diabetic retinopathy. This paradox is resolved when it is
recognized that the increased level of NO observed in the vitreous of diabetic patients is not
an early event (58). During the early stages of diabetic retinopathy, typically called the
nonproliferative stage, platelets clump together to form small stable aggregates that can lead
to capillary closure (21). During this period of ischemia, there may be a reduction of
vascular NO. The nonproliferative stage is followed, however, by a proliferative stage in
which new blood vessels are formed. It is this proliferative stage that is associated with
increased levels of NO (57). The proliferative stage is associated also with an increase in
vascular endothelial growth factor, which has been shown to upregulate NO (22, 52). In
addition, proliferative diabetic retinopathy is associated with elevated intravitreal levels of
cytokine tumor necrosis factor, interferon, and interleukin-1 (1, 12). These compounds have
been shown also to induce production of NO by the expression of iINOS, which is found in
Muiller and RPE cells (16, 45, 57).

The present study did not address the specific mechanism by which NO regulates the
expression of the taurine transporter gene. It is known that NO activates guanylate cyclase.
Our data showing that 8-BrcGMP, a cell-permeable cGMP analog, stimulated taurine uptake
suggest that the effects of NO donors may be at least partially mediated by cGMP. It is well
known also that, in addition to this signaling role, NO interacts with cellular redox systems,
especially thiol groups. NO exposure or synthesis may impose a nitrosative stress similar to
that imposed by oxygen-derived species. The attenuation of the stimulatory effect of NO on
taurine transporter expression by the antioxidants ascorbic acid and glutathione suggests that
nitrosative stress may contribute also to the NO-induced action observed in the present
study. In summary, these data show that NO regulates the expression and activity of the
taurine transporter in RPE cells in vivo. It is becoming apparent that NO regulates other
transporters in RPE as well. For example, NO stimulates the transport by RPE of cystine, the
disulfide form of cysteine, which is required for synthesis of the antioxidant glutathione (4).
On the other hand, NO inhibits the activity of the reduced-folate transporter in cultured RPE
cells (44). Studies of the regulation of transporter activity by NO may provide important
insights for altered cellular function that occurs in conditions such as diabetes, when NO is
elevated.
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Fig. 1.
Laser scanning confocal microscopic immunolocalization of taurine transporter in cultured

human ARPE-19 cells and mouse retina. ARPE-19 cells were grown to confluency on
laminin-coated chamber slides and processed for immunohistochemistry using a primary
antibody against taurine transporter followed by an FITC-labeled secondary antibody. A:
optical section of cells taken in a vertical plane (x,2). Bright band of fluorescence is
indicative of positive detection of the antibody in cultured cells. Top and bottom arrows at
left of A point to apical and basal surfaces of cells. B: optical section of cells taken in a
horizontal plane (x,y) shows taurine transporter on apical retinal pigment epithelial (RPE)
surface. C: horizontal section of cells incubated with peptide that had been preincubated
with antibody against taurine transporter (negative control) shows no positive staining.
Original magnifications x600.
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Fig. 2.
Laser scanning confocal microscopic immunolocalization of taurine transporter in intact

mouse retinal tissue. Eyes of ICR albino mice were frozen in OCT embedding medium, and
cryosections were prepared and subjected to immunohistochemical detection of taurine
transporter using a commercially available antibody. A: hematoxylin-and-eosin-stained
cryosection of outer portion of normal mouse retina showing outer layers of the retina. B:
immunolocalization of taurine transporter. Arrow points to intense labeling of the RPE;
arrow-head points to labeling of inner segments (IS). Magnification x400. ONL, outer
nuclear layer; OS, outer segments; CH, choroid.
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Fig. 3.
Ef?‘ects of NO donors on uptake of taurine in cultured ARPE-19 cells. A: uptake of
[3H]taurine (80 nM) in the absence (control) or presence of 1 mM 3-
morpholinosydnonimine (SIN-1) or sodium nitroprusside (SNP) for 24 h. B: dose-response
relationship for effect of SIN-1 on uptake of 80 nM [3H]taurine (treatment time 24 h).
Values are means + SE for 4 determinations from 2 independent experiments.
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Fig. 4.
Time course of stimulation of taurine uptake by SIN-1. ARPE-19 cells were exposed to 1

mM SIN-1 for various lengths of time, and uptake of [3H]taurine (80 nM) was determined.
Parallel experiments were carried out with cells cultured similarly, but in the absence of
SIN-1. Results are given as percentage of taurine uptake measured in corresponding control
cells not treated with SIN-1. Values are means + SE for 4 determinations from 2
independent experiments.
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Fig. 5.
Effects of antioxidants and nitric oxide (NO) scavengers on SIN-1-induced stimulation of

taurine uptake in ARPE-19 cells. Confluent cells were treated with or without 1 mM SIN-1
for 24 h. Cells were incubated at the same time in the presence or absence of ascorbate,
glutathione, or methylene blue. Uptake of [3H]taurine (80 nM) was measured for 15 min.
Values are means + SE for 3 determinations from 2 independent experiments.

AmJ Physiol Cell Physiol. Author manuscript; available in PMC 2015 November 09.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BRIDGES et al. Page 22

Fig. 6.
Immunodetection of nitrotyrosine in ARPE-19 cells exposed to SIN-1. ARPE-19 cells were

grown to confluency on laminin-coated chamber slides and then exposed to 1 mM SIN-1 for
2 h. Cells were processed for immunchistochemistry using a primary antibody against
nitrotyrosine followed by an FITC-labeled secondary antibody. A: SIN-1 treated cells. B:
control cells. Magnification x600.
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Fig. 7.

Kignetic analysis of taurine uptake in control and SIN-1-treated ARPE-19 cells. Confluent
cells were treated with or without 1 mM SIN-1 for 24 h. Uptake of taurine was measured for
15 min over a taurine concentration range of 0.5-20 pM. Values are means + SE for 3
determinations from 3 independent experiments. Results are presented as plots describing
the relationship between taurine concentration and taurine uptake rate and also as Eadie-
Hofstee plots: V/S vs. V, where V is taurine uptake (in pmol-mg protein~1.15 min~1) and S
is taurine concentration (in pM).
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Fig. 8.
Effects of cycloheximide and actinomycin D on SIN-1-induced increase in taurine

transporter activity. Confluent ARPE-19 cells were pretreated with cycloheximide (100
pg/ml) or actinomycin D (10 pg/ml) for 2 h and then incubated with these compounds in the
presence or absence of 1 mM SIN-1. Uptake of [3H]taurine (80 nM) was then measured for
15 min. Values are means + SE for 3 determinations from 3 independent experiments.
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Fig. 9.

Argalysis of steady-state levels of mMRNA for taurine transporter (TAUT) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in control (-SIN-1) and SIN-1
treated (+SIN-1) ARPE-19 cells. Confluent cells were treated with or without 1 mM SIN-1
for 24 h. Poly(A)* RNA was then isolated from these cells and used for semiquantitative
RT-PCR. Primer pairs specific for human TAUT mRNA and human GAPDH mRNA were
used. RT-PCR was done with a wide range of PCR cycles (9—-30). Resultant products were
run on a gel and then subjected to Southern hybridization with 32P-labeled cDNA probes
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specific for TAUT and GAPDH. Hybridization signals were quantified using the STORM
Phosphorlimaging System, and intensities that were in the linear range with the PCR cycle
number were used for analysis. GAPDH-specific band intensity was used as an internal
control. Ratios of TAUT-specific band intensity to GAPDH-specific band intensity were
then compared between control and SIN-1 treated cells. Ratio in control cells was taken as 1.
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Fig. 10.
Nuclear run-on transcription assay. ARPE-19 cells were incubated for 24 h with or without 1

mM SIN-1. Nuclei were isolated, and nascent RNA was labeled with [a-32PJUTP. This
radiolabeled RNA was then hybridized to membranes with cross-linked human taurine
transporter cDNA. Membranes were hybridized overnight at 68°C and exposed to X-ray
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Table 1
Influence of SIN-1 on Na* and CI~ dependency of taurine uptake

Uptake,
fmol-mg protein~! -15 min~!
=SIN-1
Buffer (control) +SIN-1

NaCl (140 mM) 2,036.6 +54.9 6,8984+94.2
NaCl (140 mM) + B-alanine (2.5 mM) 946+ 1.3 166.8 +5.9
NMDG-CI (140 mM) 279+1.6 23417
Sodium gluconate (140 mM) 493+72 31.2+34

Values are means + SE. ARPE-19 cells were treated with or without 1 mM 3-morpholinosydnonimine (SIN-1) for 24 h, and uptake of [3H]taurine
(80 nM) was measured. Uptake buffer consisted of 20 mM HEPES-Tris (pH 7.5) containing 140 mM NaCl, sodium gluconate, or N-methyl-p-
glucamine (NMDG) chloride. Inhibition of taurine transport in the presence of B-alanine (in NaCl buffer) was also measured.
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Specificity of SIN-1-induced stimulation of taurine uptake

Table 2

BRIDGES et al.
Uptake, pmol-mg protein~t.15 min~t
Substrate Control SIN-1

Taurine (80 nM) 2.58 +0.088(100)  10.65 + 0.053(413)
Glutamine (50 nM) ~ 5.64 +0.388(100)  6.07 + 0.269(108)
Glutamate (100 nM)  13.75 + 0.152(100)  13.93 + 0.583(101)
Carnitine (30nM) ~ 0.41 +0.024(100)  0.37 + 0.032(90)
Leucine (30 nM) 1.75+0.085(100)  2.08 + 0.006(118)
Alanine (30 nM) 222 £0.059(100)  2.44 + 0.086(110)
Arginine (30 M) 2.30 £ 0.101(100)  2.08 + 0.090(90.4)

Page 29

Values are means + SE; values in parentheses are percentages of respective control uptake. ARPE-19 cells were treated with or without 1 mM

SIN-1 for 24 h, and then uptake of [3H]taurine and other radiolabeled amino acids was measured for 15 min.
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