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Abstract — Taurine is the most abundant free amino acid in the retina and transported into retina via taurine
transporter (TauT) at the inner blood-retinal barrier (iBRB). In the present study, we investigated whether the
taurine transport at the iBRB is regulated by oxidative stress or disease-like state in a conditionally
immortalized rat retinal capillary endothelial cell line (TR-iIBRB) used as an in vifro model of iBRB. First,
[3H]taurine uptake and efflux by TR-iBRB were regulated in the presence of extracellular ca’". [3H]Taurine
uptake was inhibited and efflux was enhanced under Ca*" free condition in the cells. In addition, oxidative
stress inducing agents such as tumor necrosis factor-a (TNF-a), lipopolysaccharide (LPS), diethyl maleate
(DEM) and glutamate increased [’H]taurine uptake and decreased [*H]taurine efflux in TR-IBRB cells. Whereas,
3-morpholinosydnonimine (SIN-1), which is known to NO donor decreased [H]taurine uptake. Lastly,
TR-iBRB cells exposed to high glucose (25 mM) medium and the [*H]taurine uptake was reduced about 20%
at the condition. Also, [*H]taurine uptake was decreased by cytochalasin B, which is known to glucose
transport inhibitor. In conclusion, taurine transport in TR-iBRB cells is regulated diversely at extracellular ca’",
oxidative stress and hyperglycemic condition. It suggested that taurine would play a role as a retinal protector
in diverse disease states.
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INTRODUCTION

Taurine, a B-aminosulfonic acid, possesses variable
functions during development and regeneration of the
retina. The retina synthesize and uptake taurine, which is
the most abundant free amino acid in the retina and occu-
pies more than 50% of the free amino acid content in the
retina (Lima, 1999). Deficiency of taurine alters the struc-
ture and the function of the retina (Hayes et al., 1975;
Obrosova et al., 2001). Although abnormal electroretino-
grams and visual disturbance were found in patient under-
going long-term parental nutrition lacking taurine, these
abnormalities were returned to normal by adding taurine
intravenously (Vinton et al., 1990).

The retina, a highly differentiated tissue involved in the
function of sight, has a blood-retinal barrier (BRB) to pre-
vent any non-specific transport of substrates from the cir-
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culating blood (Stewart and Tuor, 1994). The BRB is com-
posed of retinal capillary endothelial cells (inner BRB) and
retinal pigment epithelial cells (RPE, outer BRB) (Cunha-
Vaz, 1976; Stewart and Tuor, 1994). The retinal uptake in-
dex method demonstrated [3H]taurine uptake from the cir-
culating blood to the retinal across the BRB (Tornquist and
Alm, 1986) and its inhibition by excess amount of taurine
and B-alanine. The transport of B-amino acid such as taur-
ine and B-alanine is known to be mediated Na* and CI -
dependent taurine transporter (Smith et al., 1992). Taurine
transporter (TauT) knockout mice were reported to exhibit
a loss of vision due to severe retinal degenerations
(Heller-Stilb et al., 2002). This report suggested that TauT
is critical for normal retinal development and function.

In the retina, diverse neuroprotective functions have
been ascribed to taurine. Cells achieve osmotic equili-
brium by accumulating or losing inorganic ions and organic
molecules, and retinal taurine is known to one of an ideal
osmolyte (Pasantes-Morales et al., 1972). Taurine also
plays as an antioxidant in the retina and taurine deficiency
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can result in retinal degeneration (Lima, 1999). Accordin-
gly, transport activity of taurine may be also changed at the
inner BRB (iBRB) under the pathophysiological conditions,
and this change could intensely affect the neuroprotective
effect of taurine by influencing taurine concentration in the
retina. However, the regulation of taurine transport at the
iBRB remains uncertain at the present time.

TR-iBRB cell lines, conditionally immortalized rat retinal
capillary endothelial cell lines, have been recently estab-
lished by transfecting the retrovirus vector-encoded tem-
perature-sensitive (ts) simian virus (SV) 40 large T-antigen
(Hosoya et al., 2001). This cell lines are good in vitro model
for drug transport to the retina and as a screening tool for
drugs which might be capable of delivery to the retina
(Terasaki and Hosoya, 2001). RT-PCR and immunoblot
analysis showed that TauT is expressed in rat retina and
TR-iBRB cells. And, immunohistochemical analysis re-
vealed that TauT was expressed in retinal vessel in the
ganglion cell layer (Hosoya et al., 2001).

The purpose of this study is to clarify the regulation of
taurine transport activity by extracellular Ca’" concen-
tration, oxidative stresses and hyperglycemia using TR-
iBRB cell lines as an in vitro model of iBRB.

MATERIALS AND METHODS

Materials

[3H]Taurine (20 Ci/mmol) was thankfully provided by
Dong-A Pharmaceutical (Seoul, Korea). Taurine, tumor
necrosis factor-a. (TNF-a), lipopolysaccharide (LPS), glu-
tamate, 3-morpholinosydnonimine (SIN-1), verapamil, ni-
fedifine, nickel chloride (NiCl;) and cytochalasin B (CB)
were purchased from Sigma Chemical (St. Louis, MO,
USA). Diethyl maleate (DEM) was purchased from Aldrich
Chemical (St. Louis, MO, USA). All other chemicals were
commercial products of reagent grade.

Cell culture

The TR-iBRB cells were grown routinely in rat tail collagen
type 1-coated tissue culture dishes (Iwaki, Tokyo, Japan) at
33°C and cultured in a humidified atmosphere of 5% CO./air.
The cells were cultured in Dulbecco's modified Eagle's me-
dium (DMEM; Invitrogen, Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (FBS; Invitrogen,
Grand Island, NY, USA), 15 pg/L endothelial cell growth fac-
tor (Roche, Mannheim, Germany), 100 U/ml penicillin and
100 pg/ml streptomycin (Invitrogen, Grand Island, NY, USA).

[*H]Taurine uptake study in the TR-iBRB cells
TR-iBRB cells were cultured at 33°C on rat tail collagen

type 1-coated 24-well plates (lwaki, Tokyo, Japan) for 2
days and washed with 1ml extracellular fluid (ECF) buffer
consisting of 122 mM NaCl, 25 mM NaHCOs, 3 mM KClI,
1.4 mM CaCl,, 1.2 mM MgSOQOy, 0.4 mM KoHPO4, 10 mM
D-glucose and 10 mM Hepes (pH 7.4) at 37°C. Uptake
was initiated by addition of 200 ul ECF buffer containing
[3H]taurine at 37°C. After appropriate time periods, uptake
was terminated by removing the solution and washed with
1 mlice-cold ECF buffer. To investigate the change of taur-
ine uptake under several stress conditions, the TR- iBRB
cells were pretreated with 20 ng/ml TNF-a, 10 ng/ml LPS,
100 uM DEM, 100 uM glutamate, 1 mM SIN-1, 25 mM glu-
cose, or 1 uM CB for 3, 6, 9, 12 and 24 h and the uptake
study was performed as described above. Then, the cells
were dissolved in 1 N NaOH overnight at room tem-
perature. An aliquot (50 ul) was taken for protein assay us-
ing a DC protein assay kit (Bio-Rad, Hercules, CA, USA)
with bovine serum albumin as a standard. The remaining
solution (500 pul) was mixed with 4.5 ml of scintillation cock-
tail (Hionic-fluor, Packard, Meriden, CT, USA) for the
measurement of radioactivity using a liquid scintillation
counter (LS6500, Beckman Instruments Inc. Fullerton, CA,
USA).

Measurements of [*H]taurine efflux in the TR-iBRB cells

TR-iBRB cells were cultured at 33°C on rat tail collagen
type 1-coated 24-well plates and washed with 1 ml ECF at
37°C. The cells were first incubated with 200 ul ECF buffer
containing [*H]taurine at 37°C for 60 min to uptake [°H]
taurine. After incubation, the solution was removed and the
cells were washed with 1 ml ice-cold ECF buffer. Then, the
media were replaced with the 1 ml ECF buffer and the cells
were further incubated at 37°C for various time period to al-
low efflux of [3H]taurine. The cells were then solubilized in
1 N NaOH overnight at room temperature. An aliquot was
taken for protein assay and the measurements of the
amount of [3H]taurine remaining in the cells.

Data analysis

All data represent mean + S.E.M. Statistical analyses
were carried out by one-way ANOVA with Dunnett’s post-
hoc test and p<0.05 was considered statistically signifi-
cant.

RESULTS

Effects of ion and calcium channel blockers on
[3H]taurine uptake and efflux in TR-iBRB cells

The effect of extracellular Ca®* on uptake and efflux of
[*H]taurine were examined under Na™, CI” and Ca’" free
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or Ca>" excess condition in TR-iBRB cells (Table I). Under
Ca®" free condition, [*H]taurine uptake and efflux were sig-
nificantly reduced and enhanced, respectively. In addition,
[3H]taurine efflux was inhibited in the presence of 2.8 mM
(2-fold) Ca®". Also, calcium channel blockers such as ve-
rapamil, nifedipine and nickel chloride inhibited [*H]taurine
uptake in TR-iBRB cells (Fig. 1).

Effect of oxidative stress on the [3H]taurine uptake and
efflux in TR-iBRB cells

We investigated the change of [3H]taurine uptake in
TR-iBRB cells under oxidative stress conditions. To induce
oxidative stress conditions, TR-iBRB cells were exposed
to TNF-a (20 ng/ml), LPS (10 ng/ml), DEM (100 pM), gluta-
mate (100 uM) and SIN-1 (1 mM) for 3, 6, 9, 12, and 24 h.
As shown in Fig. 2, [3H]taurine uptake was increased con-
tinuously up to 24 h by TNF-a, except that the cells were
pretreated with TNF-a for 6 h. On the other hand,
pre-treatment with LPS and DEM up to 6 h and 3 h, re-
spectively, resulted in a significant increase in [3H]taurine
uptake and it fell continuously down, but was still higher
than control. When the cells were pretreated with DEM,
[3H]taurine uptake was increased up to 3 h and then de-
creased gradually (Fig. 2). To investigate the effect of NO
on taurine uptake, TR-iBRB cells were pre-treated for 24 h
with SIN-1, which is known to NO donor. [*H]Taurine uptake
was decreased continuously up to 24 h by pre-treatment of
SIN-1 (Fig. 2).

The effect of TNF-a, LPS and DEM pre-treatment on the
[3H]taurine efflux was also examined in TR-iBRB cells.
[3H]Taurine efflux was inhibited by pre-treatment of these
oxidative inducing agents for 24 h (Fig. 3). Then, the cells
were pre-treated with TNF-a, LPS and DEM for 24 h, 6 h

Table I. Effect of various ions on [’H]taurine transport in
TR-iBRB cells

Intracellular amount of

Conditions Uptal( e of [3H]taur|ne [3H]taurine remained
(% of control) (% of control)

Control 100+ 4 100 £ 4

Na™ free 108 + 1**

Cl free 111 £ 3*

Ca”" free 785+ 7.1* 85.3+0.7*

2 fold Ca** 102+ 3 134 + 2**

[*H]Taurine uptake and efflux study were performed under Na™,
Cl~, Ca®" free or 2 fold Ca®* conditions. Na*, CI~ and Ca®>" were
replaced with choline, gluconate and Mg®*, respectively. Each val-
ue represents the mean + SEM (n=3-8). *p<0.05, **p<0.01, sig-
nificantly different from control.
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Fig. 1. Effect of calcium channel blockers on [3H]taurine uptake
in TR-IBRB cells. The cells were incubated for 5 min at 37°C
with ECF buffer at 1 mM NiCl,, 0.3 mM verapamil, 2 mM
nifedipine and nimodipine containing [*H]taurine (28 nM). Each
value represents the mean = SEM (n=4). *p <0.05, significantly
different from control.
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Fig. 2. Time-course of the effect by oxidative stress inducing
agents on [*H]taurine uptake in TR-IBRB cells. 10 ng/ml LPS, 20
ng/ml TNF-a, 100 uM DEM, 100 uM glutamate and 1 mM SIN-1
were pre-incubated for the time period in the figure. The cells
were incubated for 5 min at 37°C with ECF buffer containing
[3H]taurine (28 nM). Each point represents the mean + SEM
(n=3-4). *p<0.05, **p<0.001, significantly different from time 0.
Tp<0.05, Tp<0.01, significantly different from time O. #p<
0.05, ##p<0.00‘|, significantly different from time 0. SBp<0.05,
%5 <0.01, significantly different from time 0. $p<0.05, signifi-
cantly different from time 0.
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Fig. 3. Effect of oxidative stress inducing agents on the
[3H]taurine efflux in TR-IBRB cells. TR-iBRB cells were
pre-treated with LPS (10 ng/ml), TNF-a (20 ng/ml) or DEM (100
uM) for 24 h. The cells were first incubated for 60 min at 37°C
with ECF buffer containing [3H]taurine (28 nM). Then, the media
were replaced with the 1 mL ECF and cells were further
incubated at 37°C for 30 min. [3H]Taurine amount remained the
cells was measured. Each value represents the mean + SEM
(n=3). *p<0.001, significantly different from control.
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Fig. 4. Time-course of the effects by oxidative stress inducing
agents on [3H]taurine efflux from TR-iBRB cells. 10 ng/ml LPS,
20 ng/ml TNF-o and 100 uM DEM were pre-treated for 6 h, 24 h
and 3 h, respectively. Samples were taken at the times
indicated and the remaining amount of [3H]taurine in the cells
was measured. Each point represents the mean £ SEM (n=3-4).
*p<0.05, **p<0.01, significantly different from each time point
of control. ’:p<0.05, significantly different from each time point
of control. ' p<0.05, Tp<0.01, significantly different from each
time point of control.
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Fig. 5. Time-course of the effect of high glucose and cyto-
chalasin B (CB) on [3H]taurine uptake by TR-iBRB cells. 256 mM
glucose or 1 uM CB was pre-incubated for the time period in the
figure. The cells were incubated for 5 min at 37°C with ECF
buffer containing [3H]taurine (28 nM). Each point represents the
mean * SEM (n=3-4). *p<0.05, significantly different from time
0. #p< 0.001, significantly different from time 0.

and 3 h, respectively. These pre-treatment time indicated
peak time in time-course of [3H]taurine uptake obtained by
pre-treatment of each oxidative stress inducing agents in
TR-iBRB cells. LPS induced [°H]taurine efflux for the first 5
min significantly (Fig. 4). By TNF-a,, [SH]taurine efflux was
significantly inhibited (Fig. 4). DEM showed the most big-
gest inhibitory effect on the [*H]taurine efflux in TR-iBRB
cells (Fig. 4).

Effect of hyperglycemic condition on the [3H]taurine
uptake in TR-iBRB cells

To investigate the effect of excess glucose on taurine
transport at the inner BRB, [3H]taurine uptake activity was
examined in TR-iBRB cells under 25 mM glucose and 1 uM
CB pre-treatment conditions. By exposing TR-iBRB cells
to hyperglycemic conditions for 24 h, [3H]taurine uptake
was decreased continuously (Fig. 5).

DISCUSSION

The present study demonstrated that taurine transport is
regulated by extracellular Ca’" concentration, several oxi-
dative stresses and hyperglycemia in TR-iBRB cells, an in
vitro model of the iBRB.

The presence of taurine transport at the iBRB is sug-
gested by the fact that [3H]taurine uptake occurs in rat and
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TR-iBRB cells (Tomi et al., 2006). TauT is known to be Na ™
and Cl -dependent transporter and prefer 3-amino acid
like taurine and B-alanine (Smith et al., 1992). The uptake
of [?’H]taurine by TR-iBRB cells took place in a time, Na™©
and Cl -dependent manner (Tomi et al., 2006). Also, it is
reported that there is the efflux pump for taurine at the
blood-brain barrier to reduce taurine concentration in the
brain interstitial fluid (Lee and Kang, 2004). In our results,
[3H]taurine efflux was also observed in a time, Na" and Cl
dependent manner in TR-iBRB cells (Table I).

The effects of extracellular Ca>* concentration and Ca**
channel blockers on the taurine transport in TR-iBRB cells
were demonstrated. [3H]Taurine uptake and efflux were
decreased and enhanced significantly under extracellular
calcium depletion (Table | and Fig.1). It is consistent with
our previous study in osteocytes cell line (Kang and Kim,
2008). Also, it was reported that Ca®" free medium en-
hanced the taurine efflux from the rat striatum in vivo
(Molchanova et al., 2005). These results indicated that the
decrease of taurine uptake under calcium depletion may
be related with the increase of taurine efflux from retina.

Taurine is physiologically important as antioxidants, os-
molytes, and calcium modulators. Intracellular taurine is
accumulated via two mechanisms, transport from ex-
tracellular space via TauT and biosynthesis within the cell.
However, regulation of taurine transport by several stress-
es at iBRB is still unknown. In the present investigation,
TNF-a, which is a proinflammatory cytokine induced by
cell damage, LPS, which is a bacterial endotoxin, DEM,
which is a compound inducing oxidative stress, and gluta-
mate, which is an excitatory neurotransmitter were used
oxidative stress inducing agents to elucidate whether the
taurine transport at iBRB is regulated by oxidative stre-
sses. In our previous report, pre-treatment of TNF-a in
TR-BBB cell line, which is an in vitro blood-brain barrier
model, increases taurine uptake by inducing the ex-
pression of TauT (Kang et al., 2002). In TR-iIBRB cells,
[3H]taurine uptake was also increased by TNF-o pre-treat-
ment (Fig. 2). The TNF-a is known to induce nuclear fac-
tor-kB (NF-kB) by nuclear translocation, and the NF-kB
binding site is found in the TauT promoter region (Han et
al., 2000). Therefore, it suggested that NF-kB activated by
TNF-a could be associated in TauT up-regulation. In addi-
tion, LPS and DEM were enhanced [3H]taurine uptake in
TR-IBRB cells (Fig. 2) It is known that LPS stimulates pro-
duction of many kinds of cytokines such as TNF-a.
Therefore, it may be possible that [3H]taurine uptake was
increased by TNF-a stimulated by LPS. In contrast, LPS
decreased taurine uptake significantly in macrophage cell
line RAW 264.7 cell by the action of nitric oxide (NO) in-

duced by LPS (Kim et al., 2003). LPS induced cell dam-
ages via diverse pathway, therefore, the mechanism study
of changes of taurine uptake by LPS is needed to be fur-
ther elucidated. DEM induced oxidative stress through the
depletion of intracellular glutathione (GSH) and up-regu-
lated the cystine uptake in the organ (Bannai, 1984,
Hosoya et al., 2001). Taurine is also sulfur-containing ami-
no acid like cystine, therefore, it seems that DEM may in-
duce an increase of taurine uptake in TR-iBRB cells. In ad-
dition, our results showed that [3H]taurine efflux was in-
hibited by those oxidative stress inducing agents (Fig. 3,
4). These results suggested that decrease of taurine efflux
under oxidative stress conditions may be a possible mech-
anism for increase of retinal taurine level. In addition, the
decreased taurine uptake activity was observed after
pre-incubation with the NO donor, SIN-1 (Fig. 2). It was re-
ported that NO levels are increased in diabetic retinopathy
by increase of nitric oxide synthase (NOS) activity
(Goldstein et al., 1996; Bridges et al., 2001). The previous
report showed that taurine transport is regulated by NO
and the effect on taurine transporter activity by SIN-1 was
not immediate (Bridges et al., 2001). Lyall et al. (1996)
demonstrated that ONOO-, which can be released from
SIN-1, interacted with tyrosine residue of TauT. Also, the
other reports showed that formation of nitrotyrosine was
detected highly in NO donor treatment (Kulanthaivel et al.,
1989; Myatt et al., 1996). These alterations of TauT in-
duced reduction of taurine transport activity.

In diabetic state, elevated glucose level will obviously
disturb cellular osmoregulation. Such disturbance in os-
moregulation could result in cellular dysfunctions (McManus
et al., 1995). Taurine is known to act as an organic osmolyte.
The changes in taurine transporter activities have been re-
ported in STZ-induced diabetic rats, human retinal pigment
epithelial cells by high glucose and in diabetic neuropathy
models (Stevens et al., 1999). Our results revealed sup-
pressed [3H]taurine uptake in TR-iBRB cells under hyper-
glycemic condition (Fig. 5). Through the other study, PKC
inhibitor, chelerythrine, completely eliminated the changes
of taurine uptake and release and the depletion of intra-
cellular tauirine induced by high glucose treatment (Shi et
al., 2003). Presumably, high glucose stimulates the PKC
activity and inhibits the transcription of TauT through the
PKC phosphorylation of its transcription factors. PKC may
also disturb taurine metabolism through phosphorylation of
other protein, such as signal transduction proteins or even
TauT itself (Shi et al., 2003).

In conclusion, taurine transport in TR-iBRB cells can be
regulated by several disease conditions, which may be
one of mechanisms responsible for the neuroprotection in
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response to retinal cell damage.
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