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Abbreviations

2ME2  2-Methoxy estradiol

ALD Alendronate

BA Betulinic acid

BBB Blood-brain barrier

HIF-1 Hypoxia inducible factor-1

MTX  Methotrexate

TAUT  Taurine transporter

VEGF Vascular endothelial growth factor

YC-1  3-(5'-Hydroxymethyl-2'-furyl-1-benzylindazole)

1 Introduction

Taurine, a free sulfonic acid, acts as a neuromodulator, a neuroprotector, an antioxi-
dant, and an anti-inflammatory agent (Foos and Wu 2002; Pan et al. 2010; Sun et al.
2011). Several studies suggest that taurine also can prevent the hyperglycemia-
induced the microvascular complications of diabetes, such as neuropathy, retinopa-
thy, and autonomic dysfunctions (Ito et al. 2012). The taurine supply to the brain
from the circulating blood is mediated by Na*, Cl™-dependent taurine transporter,
TAUT, in brain microvascular endothelial cells (blood-brain barrier, BBB) (Kang
et al. 2002). This TAUT at the BBB is involved in the maintenance of taurine levels
in the brain. In hyperglycemia, elevated glucose is believed to contribute to loss of
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microvascular barrier integrity (Lorenzi et al. 1986; Frank 2004). Accordingly,
transport of taurine at BBB may be also changed by hyperglycemia, and this change
could intensely affect the neuroprotective effect of taurine by influencing taurine
concentration in the brain. In previous studies, it has been reported that TAUT was
regulated by glucose, oxidative stress, and changed in osmolarity (Stevens et al. 1999;
Kang et al. 2002; Kang et al. 2009). However, the mechanisms involved in the change
of taurine transport remain unclear. Hypoxia inducible factor 1 (HIF-1) is an impor-
tant factor of diabetes neuropathy, and up-regulates vascular endothelial growth factor
(VEGF) (Forsythe et al. 1996), which is well defined in promoting new blood vessel
formation and causes BBB disruption and increases BBB permeability (Schoch et al.
2002; Yeh et al. 2007). High glucose has been reported to up-regulate HIF-1 activity
in isolated hearts of rats (Marfella et al. 2002) and kidney mesangial cells (Isoe et al.
2010). However, it is not known if HIF-1 is involved in change of taurine transport in
brain endothelial cells exposed to high glucose. The purpose of the present study was
to determine whether or not HIF-1 played a role in taurine transporter activity at high
glucose condition. The study was carried out with an in vitro BBB model of condi-
tionally immortalized rat brain microvascular endothelial cells (TR-BBB cells).
Previous publications have well characterized TR-BBB cells as an appropriate model
of in vitro BBB, which has been shown to express a number of transporters that are
expressed in endothelial cells comprising the BBB, allowing for the characterization
of their functions in vitro (Hosoya et al. 2000; Lee and Kang 2010).

2 Methods

2.1 Cell Culture

The TR-BBB cells were cultured according to the previous report (Lee et al. 2012).
The TR-BBB cells were seeded at 1x 10° cells/well in rat tail collagen type 1-coated
24 well culture plates (Iwaki, Tokyo, Japan) for the uptake study. After incubation for
2 days at 33 °C, the cultures became confluent and then were used in uptake study.

2.2 [PH]Taurine Uptake Study in TR-BBB Cells

The [*H]taurine uptake was performed according to the previous report (Lee et al.
2012). Briefly, cells were washed three times with 1 mL extracellular fluid (ECF)
buffer. Uptake was initiated by addition of ECF buffer containing [*H]taurine (28
nM) and then incubate at 37 °C for 5 min. [*H]Taurine uptake into the cell was ter-
minated by the addition of ice-cold ECF buffer. The cells were then solubilized in
1 N NaOH, and radioactivity was measured in a liquid scintillation counter (LS6500;
Beckman, Fullerton, CA). To investigate the change of [*H]taurine uptake under
high glucose condition, the TR-BBB cells were pretreated with 25 mM glucose for
12, 24, 36 and 48 h and the uptake study was performed as described above. To test
the effect of HIF-1 and VEGF inhibitors on the change of [*H]taurine uptake under
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high glucose condition, TR-BBB cells were exposed to 10 pM 2-methoxy estradiol
(2ZME2), 10 pM 3-(5'-hydroxymethyl-2'-furyl-1-benzylindazole) (YC-1), 10 pM
betulinic acid (BA), 10 pM alendronate (ALD) and 10 pM methotrexate (MTX) for
1 h under exposing TR-BBB cells to 25 mM glucose for 48 h. Cell to medium ratio
(pL/mg protein) was calculated as follows:

Cell to medium ratio (pL/mg protein) = ([*H] dpm in the cell/amount (mg) of cell
protein)/([*H] dpm in the injectate/amount (pL) of injectate) x 100.

2.3 Real-Time Reverse Transcription Polymerase Chain
Reaction

Total RNA was isolated from cultured TR-BBB cells by the RNeasy kit from Quiagen
(Quiagen, Valencia, CA) and according to the manufacturer’s instructions. Total RNA
(2 pg) was reverse-transcribed by using oligo (dT) and high capacity RT kit (Applied
Biosystems, Foster City, CA). Quantification of TAUT mRNA was performed on an
ABI 7500 Sequence Detector System (Applied Biosystems, Foster City, CA). 5 pL of
complementary DNA (cDNA) were used for real-time PCR. Gene-specific oligonucle-
otide primers and probes for TAUT, HIF-1a, VEGF as well as the endogenous control
[-actin were obtained from Applied Biosystems. The reaction contained 10 pL TagMan
Master Mix (Applied Biosystems, Foster City, CA) and 1 pL of the specific primer in
a final volume of 20 pL. Reaction condition were 30 min at 48 °C, 10 min at 95 °C, 40
cycles for 15 s at 95 °C and 1 min at 60 °C, and a final 5 min incubation at 25 °C.

2.4 Immunocytochemical Staining

First, we quenched endogenous peroxidase activity in TR-BBB cells by incubating
tissue for 30 min in Thermo Scientific Peroxidase Suppressor and then TR-BBB cells
were washed with PBST. This step was followed by blocking buffer for 30 min, which
we have found to be an effective blocker of nonspecific binding. Cells were incubated
with the primary antibody [TAUT C-15 (Santa Cruz Biotechnology, Santa Cruz, CA)]
in PBST for 60 min at room temperature. Following washes three times for 10 min
each with PBST, cells were incubated with HRP-labeled secondary antibody for
30 min. And then we washed cells three times for 10 min each with PBST. Cells were
added metal enhanced DAB solution and incubated for 5 min. After washing the cells
two times for 3 min each with PBST, cells were examined under a light microscope.

2.5 Statistic Analysis

Statistical significance was determined by one-way ANOVA with Dunnett’s post-
hoc test. Each value was expressed as the mean + SEM. Differences were considered
statistically significant when the calculated P value was less than 0.05.
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3 Results

3.1 Effect of High Glucose on the [’H]Taurine Uptake
in TR-BBB Cells

To investigate the effect of excess glucose on taurine uptake at the BBB, [*H]taurine
uptake activity was examined in TR-BBB cells at high glucose pre-treatment condi-
tions. In this study, the glucose level of 25 mM was used as high glucose condition
against 5.5 mM as normal control. By exposing TR-BBB cells to high glucose for
48 h, [*H]taurine uptake was decreased continuously (Fig. 1).

3.2 Effect of High Glucose on HIF-1a and VEGF mRNA
Expression in TR-BBB Cells

HIF-1 is a heterodimer that is composed of a and 3 subunits. It has been known that
the HIF-1a level primarily determines HIF-1 activity (Wang et al. 1995). Therefore,
we investigated the change of mRNA levels of HIF-1a and VEGF in TR-BBB cells
under high glucose condition. As shown in Fig. 2, high glucose induced HIF-1o and
VEGF mRNA expression. Increased HIF-1a and VEGF mRNA expression was
effectively reduced by 2ME2 as HIF-1 inhibitor and MTX as VEGF inhibitor,
respectively (Fig. 2).
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Fig. 1 Change of taurine uptake under high glucose condition by TR-BBB cells. 25 mM glucose
was pre-incubated for the time period in the figure. The cells were incubated for 5 min at 37 °C
with ECF buffer containing [*H]taurine (28 nM). Each point represents the mean+SEM (n=4).
*p<0.05; significantly different from time 0
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Fig. 2 Change of HIF-1a (a) and VEGF (b) mRNA expression under high glucose condition by
TR-BBB cells. Cells were pre-treated with glucose at 5.5 (normal) and 25 mM (high) for 48 h.
HIF-1 inhibitor (10 pM 2ME2) or VEGF inhibitor (10 pM MTX) were added to culture medium 1
h before the onset of high glucose treatment. Each bar represents the mean+SEM (n=3).
##%p <0.001; significantly different from normal control, #p<0.001; significantly different from
high glucose
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3.3 Effect of HIF-1 and VEGF Inhibitors on the [PH]Taurine
Uptake in TR-BBB Cells at High Glucose Condition

To further verify the role of HIF-1 and VEGF in high glucose induced taurine uptake
decrease, we performed experiments with inhibition of HIF-1 and VEGF by HIF-1
inhibitors (2ME2, YC-1 and BA) and VEGF inhibitors (MTX and ALD). Both
HIF-1 inhibitors and VEGF inhibitors induced [*H]taurine uptake decrease caused
by high glucose (Fig. 3).

3.4 Change of the Expression of TAUT Involved in HIF-1
in TR-BBB Cells at High Glucose Condition

Next, we tested whether glucose affected expression of taurine transporter, TAUT
and the correlation between change of TAUT expression and HIF-1 in TR-BBB
cells. TAUT gene expression was significantly reduced at 25 mM glucose, as
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Fig. 3 Effect of HIF-1 and VEGF inhibitors on decreased [*H]taurine uptake by high glucose in
TR-BBB cells. The cells were pre-treated with 10 pM 2ME2, YC-1, BA, MTX and ALD for
30 min under exposing cells to 25 mM glucose for 48 h. [*H]Taurine uptake was performed with
ECF buffer containing [*H]taurine (28 nM) for 5 min at 37 °C. Each point represents the
mean+SEM (n=3). *p<0.05; significantly different from normal control; *p<0.05, #p<0.01; sig-
nificantly different from high glucose
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Fig. 4 Effect of high glucose (25 mM), HIF-1 inhibitors and VEGF inhibitors on TAUT mRNA
expression in TR-BBB cells. Real time reverse transcription polymerase chain reaction (RT-PCR)
analysis of TAUT mRNA expression in TR-BBB cells without and with pre-treatment with 25 mM
glucose for 48 h or 100 pM CoCl, for 24 h. The cells were pre-treated with 10 pM 2ME2, YC-1,
BA, MTX and ALD for 1 h under exposing cells to 25 mM glucose for 48 h. Each point represents
the mean+SEM (n=3). ***p<0.001; significantly different from normal control; *#p<0.001;
significantly different from high glucose

compared with that of normal control (Fig. 4). Also, TAUT protein level was
decreased by pre-treatment 25 mM glucose (Fig. 5). These results were consistent
with decrease of [*H]taurine uptake caused by pre-treatment 25 mM glucose in
TR-BBB cells. To determine the role of HIF-1 in high glucose induced decrease of
TAUT expression, we performed experiments with up-regulation of HIF-1 in cells
exposed to normal glucose. We used cobalt chloride as inducer of HIF-1 because
cobalt chloride can inhibit HIF-1a degradation and increase HIF-1 activity (Yan
et al. 2012). TAUT expression was significantly decreased by cobalt chloride, as
compared with that of normal control (Figs. 4 and 5). The decrease of TAUT gene
expression by pre-treatment 25 mM glucose was recovered by both HIF-1 inhibitors
and VEGF inhibitors (Fig. 4). Also, HIF-1 inhibitor, 2ME2, induced the decrease of
TAUT protein expression caused by high glucose (Fig. 5).
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Control High glucose
CoCl, 2ME2

Fig. 5 Effect of high glucose and HIF-1 inhibitors on TAUT expression in TR-BBB cells. The
cells were pre-treated without and with pre-treatment with 25 mM glucose for 48 h, 100 uM CoCl,
for 24 h or 10 pM 2ME2 for 30 min under exposing cells to 25 mM glucose for 48 h. TAUT pro-
teins in TR-BBB cells were immunostained with DAB

4 Discussion

In present study, we demonstrate that HIF-1 contributes to decrease of taurine trans-
port at the BBB under high glucose condition. Actually, the changes in taurine
transporter activities at high glucose condition have been reported in human retinal
pigment epithelial cells (Stevens et al. 1999; Heller-Stilb et al. 2002). In our previ-
ous report, we clarified reduced taurine uptake in TR-iBRB cells as model of inner
blood-retinal barrier under high glucose condition (Lee and Kang 2013). Our pres-
ent result also revealed suppressed [*H]taurine uptake in TR-BBB cells under high
glucose condition for 48 h (Fig. 1). Until now, the mechanisms involved in the
down-regulation of taurine transport remain to be unknown. HIF-1 is an important
factor of diabetes neuropathy. It up-regulates VEGF, which causes BBB disruption
and increases BBB permeability (Schoch et al. 2002; Yeh et al. 2007). Also, several
evidences suggest that VEGF, and consequently angiogenesis, is related to the
pathogenesis of diabetic retinopathy or neuropathy (Nicholson and Schachat 2010).
Several reports have found that up-regulation of HIF-1 activity by high glucose in
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isolated hearts of rats (Marfella et al. 2002) and kidney mesangial cells (Isoe et al.
2010). In vitro exposure to high glucose has been also shown to rapidly increase
VEGF expression in various cell types and tissues (Natarajan et al. 1997; Schrufer
et al. 2010). Our present result was revealed that high glucose activates expression
of HIF-1a and VEGF in TR-BBB cells, brain vascular endothelial cells (Fig. 2).
This result agrees with previous findings in other cell lines. Therefore, we hypoth-
esized HIF-1 may be related to reduction of taurine uptake in high glucose in
TR-BBB cells. To determine the role of HIF-1 in reduced taurine uptake by high
glucose, we tested the change of taurine transport in TR-BBB cells by pre-treatment
of HIF-1 inducer, cobalt chloride and HIF-1 inhibitors, 2ME2, YC-1, BA. Cobalt
chloride treatments reduced the expression level of TAUT in TR-BBB cells, as in
treatment of 25 mM glucose (Figs. 4 and 5). HIF-1 inhibitors recovered both taurine
uptake (Fig. 3) and TAUT expression (Figs. 4 and 5) reduced by high glucose. The
results verify that HIF-1 played a role in regulation of taurine transport by reducing
of TAUT expression in the brain endothelial cells. Bisphosphonate drug, ALD is
also used extensively to reduce circulating VEGF thereby reducing metastasis for
many forms of cancer (Santini et al. 2002). Pre-treatment of ALD significantly
induced [*H]taurine uptake reduced by high glucose in TR-iBRB cells (Lee and
Kang 2013). As in previous our result in TR-iBRB cells, ALD recovered both tau-
rine uptake (Fig. 3) and TAUT expression (Fig. 4) in TR-BBB cells. Nonetheless,
we could not conclude that HIF-1 is the sole inducer of the VEGF expression. Other
factors may also be responsible for the VEGF expression, such as protein kinase C
(Poulaki et al. 2002) and peroxisome proliferator-activated receptor y cofactor-1o
(O’Hagan et al. 2009). Further studies about regulation of VEGF by HIF-1 and
other factors are needed.

5 Conclusion

In conclusion, taurine transport through the BBB can be down-regulated by high
glucose, which is mediated to induction of HIF-1 and VEGF. Therefore, we suggest
that the inhibitors of HIF-1 and VEGF could have the beneficial effects on hyper-
glycemia by up-regulation of taurine contents in brain.
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