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Abstract

Tauripe is a major f-amine acid in various tissues, Taurine transporter (TAUT) is responsible for the trans-
portation of taurine in the cell. The transporter is affected by various stimuli to maintain its cell volume. Macro-
phage cell voliime varies in its activated siates. In our experiment, it was found that the murine macrophage cell
line, RAW264.7, expressed TAUT protein in its membrane. Its transportation activities could be blocked by a
B-amino acid such as p-alanine, but not by g-amino acids in this cell line. When assessed in RAW264.7 under
the influence of immunosuppressive reagents, the activity of the TAUT was decreased by the treatment of rapamycin
(RM) or cyclosporin A (CsA). However when ionomycin (IM) was added to this system, TAUT aclivity was recov-
ered only in CsA-treated cells in a concentration-dependent manner. In order to inhibit the voltage gated Ca"
channel, calmidazolium was added to the RAW264.7 cell line. Treatment of the cell with calmidazolium completely
blocked TAUT. Furthermore, addition of IM to this system recovered the activity of TAUT again. When we added
phorbol myristate acetate (FMA) to the cell line, secretion of mitric oxide (NQO) was increased 4-fold and the TAUT
activity was decreased 5-fold. However, the addition of N-nitro L-arginine methyl ester (L-NAME), an inducible
NO synthase (iNOS) inhibitor, to the PMA-treated cells, resulted in the recovery of TAUT activity. These results
showed that the activity of TAUT was sensitive to the intracellular concentrations of both Ca' and NO.
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INTRODUCTION

Taurine (2-aminoethanesulfonic acid, NH:CH;CH.SO1) is
ane of the f-amino acids, which is biosynthesized from cysteine
in mammarian animals. It is an abundant intracellular free
amino acid in mammalian tissues, and an energy-dependent,
cell membrane-associated transport mechanism is responsible
for the mainienance of a high intracellular taurine concentra-
tion in most tissues. Such high concenirations of taurine in
various tissues suggest that it exerts important functions such
as neuromodulation (1), antioxidation (2,3), and osmoregula-
tion {4). The taurine transporter (TAUT) was cloned from
human (3), mouse {G), rat (7), dog (8), and pig (9) DNA. Mu-
rine TAUT was cloned froim mouse brain cDNA library. The
deduced amino acid sequence was 590 amino acids with
typical characteristics of sodium-dependent neurotransmitter
transporters. TAUT is abundant in proximal tubules in which
B-amino acids such as f-alanine, B-aminobutyric acid and
gamma-aminobutyric acid (GABA) are actively reabsorbed
through this transporter (10-13). TAUT was found to be a
Na'/Cl" cotransport system where the ratio of transportation
of taurine : Na' : CT was 1 :2:1([3,14).

Protein kinase C plays central roles in signal transduction
and the regulation of transportation/absorption of nuirients.
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Inhibidon of TAUT by the stimulation of PKC was first
reported by Kulanthaivel et al. (13} in the placental chorio-
carcinoma cell line. Inhibition of TAUT due to the phosphory-
lation by PKC has been reported in the kidney (16), colon
carcinoma (17) and murine macrophage (18) cell lines. Since
the discovery of ionomycin as a calcium ionophore {19), it
increases the intracellular Ca™* concentration that leads to the
activation of the cell. The blocking of TAUT could be af-
fected by calmoduline (20). Inhibition of TAUT by cyclo-
sparin A, an immunosuppressive agent, could be recovered
by W-7, a calmoduline antagonist or calmidazolium. However
another immunosuppressive agent, FK3506, does not affect
TAUT activity (21}. Blocking of TAUT by PMA could be
recovered by additdon of staurcsporine, a PKC inhibitor.
However, this recovery was not affected by protein synthesis
inhibitors such as cyclohexamide, actinomycin D, colchicine
and cytochalasin D (17), suggesting that the TAUT was not
induced, but expressed constitutively on the cell.

In this study we investigated the effect of immunosup-
pressive agents such as cyclosporin A and vapamycin on the
TAUT activity, and found these agents blocked the TAUT
activity of the murine macrophage. And we also found that
ionomycin could recover the blockade of TAUT activity in
cyclosporin A treated cells, but not in rapamycin treated cells.
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MATERIALS AND METHODS

Cell line and chemicals

The Macrophage RAW264.7 cell line which is an Abelson
lenkemia virus-transformed murine macrophage cell line,
was obtained from the American Type Culture Colleciion
(Rockville, MD, USA). Dulbecco’s modified Eagle’s medium
(DMEM) and [2-3H(N}]~Taurine (2£.9 Cifmmol) were bought
from Gibeo-BRL (Grand Island, NY) and NEN (Bosten,
MA), respectively. Fatal bovine serum (FBS), penicillin and
streptontycin, dexamethasone (DM), PMA, taurine, B-alanine,
L-serine, L-leucine, rapamycin, EDTA, calmidazolium, stau-
rosporing, ionomycin (IM) and N-nitro-L-arginine methyl
ester (L-NAME) were obtained from Sigma Chemical (St.
Louis, MO). Interferon-y was ohiained from R&D Systems
(Minneapolis, MN, USA). Cyclosporin A (CsA, Sandoz) was
kindly provided by Han-mi Pharmaceutical Co., Korea.

Ceil culture and taurine transportation

RAW264.7 cells were cultured and maintained in 90 mm
culture dishes in a DMEM medium containing 10% heat-
inactivated fetal bovine serum (FBS) and penicillin (100 U/
ml) fstrepromycin {100 pg/ml). Cultures were maintained at
37°C in a 5% CO; incubator until they reached confluence.
The taurine transportation study was performed according to
the previous report (22), ie., when the cells were confluent
in 6-well plates, the medium was removed from the monolayer
culture and replaced with a 2 ml transporter buffer, which con-
tained 25 mM-HEPES/Tris (pH 7.5), 140 mM NaCl, 5.4 mM
KCL, 1.8 mM CaCly, 0.8 mM MgS0., and 5 mM D-glucose.
Afier stabilizing the cells for 30 min at 37°C, 1 uCi of [*H]-
taurine was added to each culture and incubated for 30 min.
Then the cells were washed thrice with ice-cold Na' deficient
buffer and lyzed with 1 ml of 0.2 N NaQH/0.3% SDS. The
lysate was mixed with 2 ml scintillation cocktail schition
and its radioactivity was measured by a liquid scintillation
counter (Hewlett-Packard, 2500TR).

Cell stimulation

For the stimulation of the RAW?264,7 cells, confluent mono-
layer cells in DMEM containing 10% fetal bovine serum were
treated with rafamycin, ionomycin, CsA, calmidazolium, PMA
or L-NAME for 30 min in 6-well plates by using a transpor-
tation buffer. Then the cells were treated with 1 uCi of [*H]-
taurine for another 30 min and washed thrice with a cold buffer
followed by lyzing with the lysis buffer. The transported ra-
dicactive taurine in the lysate was measured by a f-counter,
For the analysis of nitric oxide, RAW cells were stimulated
with PMA, CsA or ionomycin for 48 hrs. The resulting super-
natanis were obtained by centrifugation at 2,000 rpm. One
hundred 1l of the supernatant were transferred to the ELISA
titer plate and mixed with 100 1l of Griess reagemt that was
mixed 1:1 (v/v) with 1% sulfanylamide in 2% phosphoric
acid and 0.2% N-naphthylethylenediamine 2HCIL in distilled
water for 1) min at room temperature (23). An ELISA reader
at 540 wm was used for the measurement of absorbance, 1o~
gether with a standard sodivm nitrite solution.

RESULTS AND DISCUSSION

Substrate specificity of taurine transporter on RAW

cell

The murine macrophage cell line, RAW264.7, was used
for the measurement of TAUT activity. Confluent celis on
t-well plate was pretreated with ynlabelled @- or B-amino
acids at a conceniration of | mM for 1) min and followed
by the addition of 1 pCi [PH]-taurine for another 30 min.
Pretreatment of the cell with cold tautine for 30 min led
to the blocking of hot taurine transportation to 4.8% of the
cantrol value. Pretreatment with [-alanine also blocked hot
taurine transportation to 12.9% of the conirol value. However,
pretreatment of the cell with #-amine acids such as L-serine
or L-leucine did not induce hot taurine transportation (Table
1). From these experiments murine macrophages were con-
firmed to express f-amino acid specific transporter on the
cell membrane. As prefreatment with non-radioactive taurine
prevented radioactive laurine transportation, this transporter
seems to be TAUT. Furthermore TAUT was confirmed by
the properties of the dependence on the presence of the Na’
jon for the uprake of taurine by the RAW cells,

Inhibition of taurine tramsporter activity by rapa-

mycin

RAWZ264.7 cells were exposed to immunosuppressive
agents such as rapamycin and CsA for 5 min, and then mea-
sured for the activity of the TAUT. One ng/ml of rapamycin
was the minimal inhibitory concentration of the TAUT ac-
tivity when we used 1, 10, 100 and 1,000 ng/ml rapamycin
an this system. Al the concentration of 1 ng/ml of rapamycin,
TAUT activity was reduced to 11.9% when compared to that
of the control (Fig. 1). The blocking of the transporter activity
could be induced within 5 min of the incubation with rapa-
mycin, When the same experiment was done with CsA, min-
imal concentration and time for the blocking effect of the
TAUT were 5 nM and 5 min, respeciively (data not shown).
The blocking pattern of CsA was almost similar 1o that of
the rapamyein, suggesting that a high intake of taurine is re-
quired to maintain a normal concentration of taurine in the
cell during the period of taking Immunosuppressive agenis,
This blocking phenomenon associated with the inhibition of

Table L. Substrate specificity of the carmer system on taurine
uptake:

Pretreated reagent  [PHj-Taurine transporfation in cpm and %

PBS 191 412-+5810" 100.0%
1 mM Taurine 18,943 +83 4.8%
1 mM B-Alanine 50,543 + 1,697 12.9%
{ mM L-Serine 400,575 +2,367 102.3%
1 mM L-Leucine 438,381 1,123 111.9%

RAWZ64.7 cell line was stabilized with transpocter bufler for
30 min in a 6-well plate and then pretreated with the reagend
[or 10 min Then added | nCi [3H]-taurine for 30 min. After
Lysis, intraceilular ["H]-tautine was measured by a liquid scintilation
colnter
YWalucs are mean=—SD from two separale experiments.
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Taurihe transporation (%)

Rapamycin (ng/mi)

Fig. 1. Effects of mapamycin on ieurine {ranspoter activity in
RAW264.7 cell line.

ATP-dependent tautachotate transpoctation by CsA, which
results in the cholestasis as a side effect of CsA therapy (24).
Immunosuppressants  FK506 (tacrolimus) and CsA in ral
hepatocyte (25) and Hela cell (20) were reported to inliibit
funciion of the multidrug elfux pump that causes certain
multidrug Tesistance to anticancer drugs (27).

Recovery of taurine fransporter activity by ionomycin

Since imtracellular concentration of Ca' is important for
the activation of macrophages, RAW264.7 cells were co-
weated with rapamycin and jonomycin (IM) simualtaneously.
The concentration of rapamycin was fixed at [ ng/ml, and the
concentration of IM was increased 100-fold from 20 10 2,000
ng/ml. When the concentration of IM was increased in
rapamycin-treated cells, the trecovery of the TAUT activity
was noi altered by the addition of IM (Table 2). However in
the case of co-treatment with CsA and IM, increasing M with
concentration recovered TAUT activity n CsA-treated cells
(Fig. 2). Treatinent of the RAW cells with 5 nM CsA reduced
the taurine twansport activity (17,268 £ 1,763 cpm) to 12.6%
of the value for the conmol (136,598:£3,112 cpm). When IM
was added 1o this syStermn at concentrations of 20, 200 and
2,000 ngjml, the TAUT activity was increased to 21.7% (29750

Table 2. Effect of jonomycin on taurine trangporter activity in the
rapamycin-treated RAW264.7 cells

[zH]-Taurine mansportatton in

?ﬁmu]ator cpm aud %

PBS 200431113237 100.0%
RM (1 ng/ml) 21,465+4.764 10.7%
RM (1 ng/ml)+IM (20 agjml) 21281+ 588 10.6%
RM (1 ng/ml)+IM (200 ng/ml) ~ 23,469=2,198 11.7%
RM (1 ng/mi)+IM (2,000 ng/ml) 25,356 -1,741 12.6%

RAW264.7 cells were stabilized with the wransporiation botfer for
30 min and stimulated for 10 min. Then added 1 uCi [*HJ-taurine
for 30 min. RM, rafamycin; IM, ionomycin,

YValues are mean=8D from three separate experiments.
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Fig. 2. Prefreatment cffects of cytosolic Ca™" chelator, EDTA on
laurine ransporter aclivity in CsA and IM ireated cells. CsA,
cyclosporin A; TM, fonomycin.

49088 cpim), 59.4% {81,235+ 134 cpm) and 74.1% (101,252
+1,357 cpm), respectively. These tesults indicate that an
increase in intracelfular Ca”™ concentration activates TAUT
activity,

To prove the involvement of intracellular Ca'™* on. the re-
covery of TAUT activity, EDTA, Ca' chetator, was added
{0 the above system. When 800 nM EDTA was added io the
cell systems that were treated with 5 nM CsA -+20 ng/ml IM,
3 M CsA -+ 200 ngfmd M, and 3 nM CsA - 2,000 ng/ml 1M,
the corresponding TAUT activities were 12.8% (17,786 =
1244 cpm), 13.2% (18,333 2447 cpm) and 13.9% (19,294
5,224 cpm) of the control value (138,60012,510 cpim), re-
spectively (Fig. 2). This result indicates that TAUT activity
is affected by the presence of intracellnlar Ca". Therefore
intracetiujar Ca™ appears 10 be essential for the recovery of
the TAUT aciivity that was blocked by CsA. Our conclusion
seems o be in conflict with the observations that extracellular
Ca™ inactivated TAUT (28). The discrepancy may be due to
two reasons. Firsi, in our experiment we measured the re-
covery activity. So it may be different from the activity
of the transporter. The second reason may be due to the dif-
ference of the cell lines used. The TAUT of murine macro-
phages may be different from that of the human placental brush
border membrane.

To prove the involvemeni of calmodulin on the modulation
of the TAUT activity, calmidazolium, tnhibitor of calmodulin,
was added to the RAW cell. When 5 ug/ml of calmidazolium
was added to the cell, taurine transporiation activity was 3.9%
of that af the control value, indicating fhat calmodulin is
responsible for the activity of TAUT. However when 20 ng/
ml of IM was added to this system, TAUT activity was re-
covered to 64% of that of the control value, suggesting the
involvernent of intracelkalar Ca'~ for the recovery of tawine
transparter activity (Table 3). The effect of the calmodulin
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Table 3. Effect of the calmodulin antagonist on taurine transporrer
activity in RAW264.7 cells

Stimulator [PH)-Tayrine transportation in cpm and %
PBS 300,693 +3,124" 100.0%
CsA 11,379+ 978 37%
Calmidazalium 11,786+ 513 3.9%
CsA + Calmidazolium 11,542 =1,003 3.8%
Calmidazolium +IM 192,543 £ 2,668 64.0%

RAW264.7 cells were stabilized with transportation buffer for 30
min and stimulated for 12 hrs, Then added 1 1Ci [3H]-taurine for
30 min. Final concentrations of CsA, calmidazolium and M were
5nM, 5 ug/ml and 20 ng/ml, respectively. CsA, cyclosporin A; IM,
ionomycin.

Values are mean®SD from three separate experiments.

inhibitor on the TAUT activity is coincident with the result
of Ramamoorthy et al. (29). They demonstrated that decrease
of the TAUT activity by the treatment of retinal pigment cell
line with calmodulin antagonists such as CGS 9343 B (CGS)
or W-7 was accompanied by a decrease in the maximal ve-
lacity of the transporter.

Nitric oxide blocks taurine transporter activity

Activation of protein kinase C {PKC) was known to inhibit
TAUT activity. Addition of 10 ng/ml of PMA to the RAW
cell reduced TAUT activity to 19.4% of that of the control.
When L-NAME, an inhibitor of NOS, was added to this cul-
ture system, TAUT activity was recoveted to 60.7% of that
of the control value, indicating that blocking of the production
of NO could induce recavery of TAUT activity (Tables 4
and 3). During the inflammation NO production is increased
in the cytosol of the macrophage. The macrophage may re-
quire large quantities of taurine to neutralize the excess NO

Table 4. Effect of the iNOS inhibitor, L-NAME. on taurine trans-
porter activity in RAW264.7 cell line

Stimulator [’H]-Taurine transporlation in cpm and %
PBS 165,949 +2, 835" 100.0%
PMA 32,210+ 1,498 19.4%
L-NAME 204,738 + 1,389 123.0%
PMA+DM 106,369 +2,081 64.0%
PMA+T-NAME 100,694+ 1,085 60.7%

PMA, phorbol myristate acetate; L-NAME, N-nifro L-argininc
methyl ester; DM, dexamethasone.
"Values are mean~SD from threc separate experiments.

Table 5. Effect of PMA. and jonomycin on the nitric oxide pro-
duction in RAW264.7 cell fine

Stimulator Nitrite concentration (U1M)  Percent (%)
PBS 62+ 18" 100
PMA 25.8F28 416
™ 5.0t3.1 80
CsA 17.5+4.0 282
PMA+IM 9.4+40 151
CsA+1IM 12509 201
PMA, phorbol myristate acetate; 1M, lonomycin: CsA, cyclo-
sporin A

"Values are mean+SD from three separate experiments.

in the cytosol to prevent damage by the NO. Inhibition of
NO production was also dependent on intracellular tanrine
concentration (30).
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