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Summary. The general properties of the taurine uptake in human endo-

metrial tumoral Ishikawa cells were similar to those usually found in other

tissues. Uptake was notably affected by the oxygen pressure, being higher

at the physiological pO2 of the endometrium (40 mm Hg, equivalent to 5%

O2) compared to that used under standard experimental culture conditions

(160 mm Hg or 20% O2). Uptake of taurine was also density-dependent

in Ishikawa cells and was significantly decreased at confluence. Uptake

regulation by PKC driven phosphorylation occurs only in growing cells

and not in resting cells. The taurine uptake of three Ishikawa cell lines was

very different. The taurine uptake of one of the cell lines was affected by

estradiol, probably through a non-genomic pathway, whereas tamoxifen

had no effect in all cell lines.
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Introduction

Taurine, an ubiquitous aminoacid in mammalian tissues,

is involved in cellular homeostasis regulation through its

effect on osmotic regulation, in protection against some

effects of oxidative stress, in detoxification and membrane

stabilisation (Huxtable, 1992). Because of its important

physiological roles, taurine uptake has been studied in

numerous mammalian tissues such as brain, lung, liver,

intestine, kidney and placenta. To the best of our knowl-

edge, few studies have been devoted to taurine uptake

regulation in well-known hormone-dependent tissues. A

high affinity taurine uptake has been found in mammary

glands (Shennan and Mc Neilie, 1994; Shennan, 1995;

Bryson et al., 2001), in placenta (Miyamoto et al., 1988;

Karl and Fisher, 1990; Hibbard et al., 1990) and in pla-

cental choriocarcinoma JAR cells (Kulanthaivel et al.,

1991; Jayanthi et al., 1995). Endometrium is also a tissue

the physiology of which is also largely dependent on

estrogens. However, by contrast to mammary gland and

placenta nothing is known about the possible existence of

a taurine uptake system in endometrial epithelial cells. We

addressed the study of taurine uptake and its main char-

acteristics, using three variants of the Ishikawa cell line.

Ishikawa cells are derived from a human endometrial car-

cinoma and constitute the most popular cell model used

for studies on hormone-dependent mechanisms in endo-

metrium. (Nishida et al., 1985).

In vivo, the physiological oxygen tension (pO2) around

endometrium is close to 40 mm Hg (5% O2) (Yedwab et al.,

1976; Rodesch et al., 1992). Moreover, the in vivo oxygen

tension of all the solid tumour type tested is low, most of

the cells being at a pO2 of 40 mm Hg or less (Vaupel et al.,

1989; Helmlinger et al., 1997; Brown and Giacca, 1998;

Adam et al., 1999). Tumours of the uterus are also

characterised by a very low pO2 (Vaupel et al., 1989;

H€oockel et al., 1991; Lyng et al., 1996; Sunfør et al., 1998;

Adam et al., 1999; Aquino-Parsons et al., 2000). It is known

that hypoxia modulates the activity of numerous genes

(Guillemin and Krasnow, 1997; Semenza, 1998). As no

studies have addressed the issue of how oxygen pressure

might affect a physiological transport, we have screened

all the properties of taurine uptake on cells grown either at

5% O2 – the oxygen level found in vivo – or at 20% O2, the

oxygen pressure always used under standard culture con-

ditions e.g. in [5% CO2-air] incubator atmosphere.

Material and methods

Chemicals

[3H]-taurine (29 Ci=mmol) was from DuPont-NEN (NET 541). Unlabeled

taurine was from Janssen Chimica. HEPES (monosodic salt) and other

Good buffers, taurine analogues, 17�-estradiol, tamoxifen, PKC activator



12-O-tetradecanoylphorbol-13-acetate (TPA), not biologically active 4�-

phorbol 12,13 didecanoate (4�PDD), PKC inhibitor hexadecyl phospho-

choline (HePC), were from Sigma. All other chemicals were of analytical

grade.

Cell cultures

Three Ishikawa cell lines from different laboratories were used. Ishikawa-

S line was obtained from the Institute of Genetic and Molecular Biology –

Strasbourg, France (IGBMC, Prof. P. Chambon). Ishikawa-B line was

obtained from the Dept. of Biochemistry and of Molecular Biology of

the University of Besanc�on – France (Prof. M. Jouvenot) and Ishikawa-M

line was obtained from INSERM U418-Montpellier – France (Prof. H.

Rochefort). Detailed characteristics of the specificities of the three cell

lines were reported elsewhere (Deret et al., in preparation). In summary,

when received in our laboratory the growth of Ishikawa-S was unaffected

by estradiol (E2) whereas cell growth was moderately increased by E2 for

Ishikawa-B cells and strongly for Ishikawa-M cells. Alkaline phosphatase

activity was notably stimulated by estradiol in all cell lines whereas it was

also increased by tamoxifen in Ishikawa-M cells but inhibited by tamox-

ifen in Ishikawa-B and Ishikawa-S cells. Cells were routinely grown in

T25 vented flasks (Corning) in low glucose, phenol red containing DMEM

(Sigma, D5523) supplemented with 2 g=l sodium bicarbonate and

50 UI=ml penicillin=50�g=ml streptomycin (DMEM:PRþ). Cultures

were supplemented with 5% heat inactivated fetal calf serum (FCS)

freshly received from the manufactor (Institut Jacques Boy, Reims,

France). Cultures were replicated with trypsin-EDTA pH 8 then grown

in 20% O2 atmosphere or in 5% O2 atmosphere in a 3-gas incubator. When

estrogen or antiestrogen were tested, cultured cells were transferred for 2

days before the beginning of the experiments in phenol red free, low

glucose DMEM (Sigma, D2902) supplemented with 2 g=l sodium bicar-

bonate and antibiotics (DMEM:PR�) and with 5% heat inactivated new-

born calf serum (NCS, Institut J. Boy). Estradiol and tamoxifen were

added to the culture as an ethanolic solution, the ethanol concentration

in the culture medium remaining lower than 0.5%. Similar amounts of

ethanol were added to control cells. The osmolarity of media was in the

physiological range of 285–290 mOsm (Waymouth, 1970).

For experiments, cultures were prepared according the following proce-

dure: Ishikawa cells were trypsinized using pH 8 trypsin-EDTA solution in

order to obtain a suspension of isolated cells e.g. more than 90% single cells

devoid of large clumps. Cells were then plated in 3 cm diameter Petri dishes

(Corning 430165) in 2 ml culture medium and the seeding density was

adjusted in order to achieve the required cell density for testing after 3–4

days of growth and under the chosen pO2. Phase contrast microscopy

observations showed that under these conditions the size and density of

cell patches was reproducible and similar in the various sets of experiments

(see discussion for the importance and relevance of this particular protocol).

Two types of experimental sets were made. In a first approach, each cell

line was tested alone. Thereafter, the three cell lines were compared in

parallel experiments with cells at similar density and cultured under the

same conditions.

Cell lines were routinely tested using Hoechst 33258 stain and found to

be free of Mycoplasma.

Taurine uptake

Taurine uptake was measured on cells cultured in 3 cm diameter Petri

dishes according to Lelong and Rebel (1998b). Briefly, treated cells were

washed twice with CO2-independent medium (CIM, Gibco) and pre-incu-

bated for 5 min in 3 ml of CIM in a rotatory water bath at 37�C. Then,

100�l of CIM containing 0.4�Ci [3H]-taurine and 1.33�M of unlabeled

taurine were added to the pre-incubation medium and cells were incubated

for 10 min. After removal of the medium, cells were washed three times

with ice-cold 0.9% NaCl and subsequently frozen in their dishes after

removing the saline. Thawing and lysis of the cells was performed by

adding of 1 ml 0.1 N NaOH and incubating for 1 h at 37�C. Samples were

homogenised by repetitive pipetting and aliquots were withdrawn for

protein assay according to Lowry et al. (1951) and for radioactivity

measurements by scintillation counting in Aquasol (Packard, Nef 934-

G). When sodium or chlorine dependence of taurine uptake was deter-

mined, pre-incubation and incubation of control cells were performed in

Krebs-Ringer buffer (KR buffer: 118.27 mM NaCl; 9.7 mM KCl; 1.95 mM

CaCl2; 15 mM NaH2PO4 (H2O); 0.60 mM MgSO4 (7 H2O); 5 mM D-

glucose, pH 7.4. Naþ-dependence of taurine uptake was checked by

replacing NaCl and NaH2PO4 by LiCl and by KH2PO4 (mole per mole,

respectively) in the KR buffer formula. For chlorine-dependence deter-

mination, NaCl, KCl and CaCl2 were replaced by identical molarity of

sodium-, potassium- and calcium-gluconate respectively. Osmolarities of

KR, Na-free KR and Cl-free KR buffers were similar (290 mOsm). High

and low affinity uptakes were quantified incubating cells with either

1.33�M or 200�M taurine (Wersinger et al., 2000). For diffusion, cells

were incubated in Na-free KR buffer.

Taurine efflux measurement

Cells grown on 3 cm diameter Petri dishes were loaded with 0.4�Ci [3H]-

taurine in the culture medium for 2 hours at 37�C in incubator. Cells were

then treated as follows: a first set of four dishes was washed three times with

ice cold 0.9% NaCl and was immediately frozen (control); other sets of

dishes were washed three times with 3 ml of CIM at 37�C, and incubated for

10 min in 3 ml of Krebs-Ringer buffer containing either 1.33�M or 200�M

unlabeled taurine or in Na-free KR buffer with 1.33�M unlabeled taurine

in a giratory water bath at 37�C. After 10 min incubation, medium was

removed and cells were washed three times with ice-cold 0.9% NaCl and

frozen. Cells were homogenised in 1 ml of 0.1 N NaOH by repetitive

pipetting. Aliquots were withdrawn for protein and radioactivity determi-

nation. The efflux data were calculated as the difference between the radio-

activity per mg of protein in control cells versus incubated cells. Efflux was

expressed in % of the taurine content in control cells.

Effect of oxygen pressure

Since oxygen pressure affects notably the growth kinetic of the three

Ishikawa cell lines (Deret et al., in preparation), the following procedure

was used when data on cells grown at 5% and 20% O2, were compared.

Cells were plated in Petri dishes at identical cell density and were subse-

quently grown at 20% O2 until the required density was achieved. Then

cells were fed with fresh culture medium supplemented with 2% serum

and moved to the appropriate incubator with either 5% or 20% O2, and

growth was allowed to proceed for two days before measuring taurine

uptake. Under these conditions, cell proliferation continued at a low rate

thus avoiding notable differences in cell density between cultures main-

tained at 5% or 20% O2.

Proteins were determined according to Lowry et al. (1951). Media

osmolarity was measured with a Roebling osmometer. Each result was

the mean of at least four different values � standard deviation. The sta-

tistical significance of the difference between two means was evaluated by

Student’s independent two-tailed t-test. P<0.05 was considered to denote

statistical significance.

Results

General properties of taurine uptake

in Ishikawa cell lines

Though the uptake capacity of the three Ishikawa cell

lines differed notably, the overall pattern of their taurine

184 S. Deret et al.



uptake systems were similar (Naþ, Cl� dependence,

specificity . . . .). The 3 cell lines were found very similar

when results were expressed as per cent of controls. As

the uptake was notably greater in low density than in

confluent cultures, all the basic properties of taurine

uptake were determined on growing cells. Moreover,

these properties were checked for cell cultures maintained

at 40 mm Hg of O2 (5% O2) atmosphere, a pO2 in the

physiological range of the endometrium pO2. As protein=

DNA ration of Ishikawa cells was similar in growing and

in confluent cells, results were always referred to protein

concentration.

Cell incubation conditions

To avoid the use of the so-called ‘‘physiological buffers’’,

the composition of which being far from that of physio-

logical media, cells were incubated in CIM medium for

taurine uptake determination as previously described

(Lelong and Rebel, 1998b). Under these conditions, tau-

rine uptake was linear for at least 40 minutes. As pre-

viously reported by Lelong and Rebel (1998b) for glial

cells, uptake of taurine was lower in cells incubated in

CIM compared to cells incubated in Krebs-Ringer buffer

(Table 1).

Characteristics of taurine uptake systems

Figure 1 shows that uptake increased with increasing tau-

rine concentrations. The Eadie-Hoffstee plot shows the

presence of a high and a low affinity uptake system.

The presence of a small Naþ-independent uptake indi-

cates the probable existence of a diffusion system. As

the kinetic parameters of the Ishikawa cells were in the

same range as that previously measured for LoVo colon

carcinoma cells (Wersinger et al., 2000) we used the same

concentrations of unlabeled taurine to determine high and

low affinity uptake. This also facilitates the comparison of

taurine uptake behavior in tumorous cell lines differing in

tissue origin.

The uptake level was greatly affected by cell density

being the lowest at confluence (Table 3). Decrease of the

uptake occurred progressively as cell density increased.

Comparison of the 3 cell lines grown in identical condi-

tions shows that the high affinity level differs greatly

between the 3 lines being the highest in Ishikawa-S and

the lowest in Ishikawa-B (Table 4). Though it was difficult

Table 1. Modulation of taurine uptake by ions and Good buffers

Culture

medium

Incubation

medium

Taurine uptake � SD

pmol=min=mg protein

% uptake

DMEM KR 132.0 � 2.9 100

DMEM KR:Na� 2.1 � 0.4 2

DMEM KR:Cl� 1.9 � 0.1 2

DMEM CIM 101.1 � 9.3 77

DMEM KR 93.3 � 5.0 100

DMEM KR:HEPES 107.1 � 4.9 115

DMEM KR:ACES 98.1 � 3.5 105

Ishikawa cells were grown up to half confluence in (DMEM:PRþ)

medium with 5% FCS at 5% O2. Uptake was determined in cells incubated

either in Krebs-Ringer (KR) or in KR without Naþ (KR:Na�) or without

Cl� (KR:Cl�), or in KR supplemented with 20 mM of HEPES or of

ACES. Osmolarity of KR, KR:Na�, KR:Cl�, KR:HEPES, KR:ACES

was between 274 and 284 mOsmol. Uptake variations of 20% or more are

significant at p<0.05

Fig. 1. Kinetic analysis of taurine uptake. Ishikawa-S

cells were grown in (DMEM:PRþ) with FCS at 5%

O2 until 1=4 confluence. Initial rates were determined

with 10 min preincubation in CIM containing increasing

concentrations of unlabelled taurine (0 up to 2 mM)

followed by 10 min incubation after addition of labelled

taurine. Final concentration of radiolabeled taurine was

maintained constant at 0.4�Ci ( 5nM [3H]-taurine) for

each concentration of unlabeled taurine. Results are

given as Eadie-Hoffstee plot. Inset: taurine uptake as a

function of taurine concentration. V: taurine uptake �
SEM (pmol=min=mg protein); S: taurine concentration

(�M)
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to quantitate the low affinity precisely, due to its partial

overlapping with the high affinity uptake, it is quite cer-

tain that the same difference exists between the 3 cell

lines. Considering the diffusion, it always remained very

low (Table 4). The difference between the respective tau-

rine uptake of the cell lines was not related to taurine

efflux. Whereas efflux of taurine was absent or very low

(less than 1% of the taurine taken up) in S and in M cells,

only confluent B cells show a statistically significant

efflux in high affinity uptake conditions (Table 4).

Properties of the high affinity taurine

uptake system

A sodium and chlorine-uptake dependence, a characteristic

of taurine transport (Huxtable, 1992), was also found in

Ishikawa cells (Table 1). Taurine uptake inhibition by tau-

rine, GES or �-alanine showed that this uptake system was

specific for �-aminoacids. Under the same conditions, �-

alanine did not affect the uptake (Table 2). HEPES, an inhib-

itor of taurine uptake system in nervous cells (Lleu and

Rebel, 1989) or ACES did not significantly affect the uptake.

Effect of phenol red and serum type

on taurine uptake

To avoid a possible interference by phenol red (Berthois et

al., 1986), hormone-dependence of taurine uptake was

studied in cells grown in a phenol red free medium sup-

plemented with NCS. Presence or absence of phenol red

in the culture medium did not affect the taurine uptake

(uptake in cells grown in DMEM:PR� was 95% of the

uptake of cells in DMEM:PRþ). Similar results were also

obtained when uptake was determined in cells grown in

the presence of the same concentration of fetal calf serum

or newborn calf serum (uptake in medium supplemented

with 5% NCS represented 104% of that determined on

cells grown in 5% FCS).

Table 2. Specificity of taurine uptake

Compounds Taurine uptake � SD % control

tested pmol=min=mg protein

– 99.2 � 5.1 100

Taurine 0.05 mM 32.7 � 0.5 33�
Taurine 0.1 mM 24.8 � 0.4 25�
Taurine 1 mM 4.6 � 0.3 5�
�-alanine 1 mM 8.6 � 1.4 9�
GES 1 mM 1.7 � 0.2 2�
�-alanine 1 mM 108.0 � 5.7 109

Half confluent cell cultures were grown in (DMEM:PRþ) as in Table 1.

Taurine uptake was measured in cells incubated in CIM supplemented or

not with taurine at 0.1, 0.5, and 1 mM or with taurine analogues at 1 mM.

Differences from control cells are significant at �p<0.01

Table 3. Effect of cell density on taurine uptake

Cell line Cell �g protein= Taurine uptake � SD

density dish pmol=min=mg protein

Ishikawa-M Low 52 253.4 � 10.2

Half confluence 146 144.7 � 3.8

Confluence 360 21.0 � 2.1

Ishikawa-B Low 114 60.9 � 2.7

Confluence 524 5.4 � 1.1

Ishikawa-S Very low 21 1011.0 � 51.7

Half confluence 181 513.4 � 14.1

Confluence 482 273.1 � 24.7

Cultures were grown at 5% O2 in (DMEM:PRþ) supplemented with FCS

until the required density

Table 4. Cellular level of taurine uptake systems and taurine efflux

Cell line Culture conditions Taurine uptake

pmol=min=mg protein

Taurine efflux

% taurine effluxed under the condition

used for measuring

high affinity low affinity diffusion high affinity low affinity diffusion

Ishikawa-S Confluent 145 � 8 2747 � 170 6 � 1 0 0 0

Growing 1078 � 30 8965 � 540 16 � 3 0 1 0

Ishikawa-M Confluent 76 � 10 1322 � 120 11 � 1 1 0 0

Growing 383 � 40 6148 � 256 22 � 1 0 0 0

Ishikawa-B Confluent 17 � 1 109 � 20 9 � 1 38 9 2

Growing 71 � 4 675 � 21 8 � 1 0 0 0

Cell cultures were grown as indicated in ‘‘Material and methods’’ in (DMEM:PRþ) with FCS at 5% O2 until the required density. Uptake was

determined by incubating cells in KR, in presence of either 1.3�M (high affinity uptake) or 200�M (low affinity) unlabeled taurine or in KR without

Naþ (diffusion). Efflux was determined as described in ‘‘Material and methods’’
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Effect of pO2

For low density growing cells taurine uptake was reduced

when cultured at 20% O2 compared to 5% O2 (Table 5).

This was more noticeable with Ishikawa-M cells than with

Ishikawa-S or with -B cells. However, when uptake was

measured on confluent cells, pO2 had little effect on tau-

rine uptake. The lack of action of oxygen on taurine

uptake in confluent Ishikawa-B cells is certainly related

to the very low level of the uptake.

For convenience, stock cultures were maintained at

20% O2 [e.g. air=5% CO2 in a standard cell culture incu-

bator]. When required for the experiments, cultures were

replated and kept at 20% O2 or switched to 5% O2 [e.g.

5% O2=5% CO2] for several days (minimum 2 days) prior

to uptake determination. Figure 2 shows that after 24

hours at 5% O2, uptake levels reached a value that did

not change further.

Table 5. Effect of O2 level on taurine uptake of cultured cells

Cell line Density % oxygen Taurine uptake � SD

pmol=min=mg protein

Percentage

(a) (b) (c)

Ishikawa-M Low 5 253.8 � 8.0 100 100

20 67.3 � 3.0 26 100

Confluent 5 20.7 � 2.0 100 8

20 17.7 � 2.0 85 26

Ishikawa-B Low 5 60.6 � 1.8 100 100

20 41.1 � 0.5 68 100

Confluent 5 5.3 � 0.5 100 8

20 6.4 � 1.1 120 15

Ishikawa-S Low 5 675.5 � 18.8 100 100

20 469.5 � 5.7 69 100

Confluent 5 286.3 � 14.7 100 42

20 249.9 � 26.3 87 53

Ishikawa cells were grown in (DMEM:PRþ) with FCS for at least two days at the tested O2 concentrations.

Percentages: (a) uptake in cells grown at 5% O2 versus cells grown at 20% O2; (b) uptake in confluent versus low-

density culture at 5% O2; (c) uptake in confluent versus low-density culture at 20% O2. Difference of 20% or more are

significant

Fig. 2. Effect of pO2 on taurine uptake. 1=4 confluent Ishikawa M cells

were grown in (DMEM:PRþ) with 5% FCS at 20% O2. Day-0 cells

(D-0) were changed to (DMEM:PRþ) with 2% FCS. Half of the Petri

dishes were switched to 5% O2 or remained at 20% O2 (J1, J2 cells).

Taurine uptake was determined on D-0, D-1 and D-2 respectively. Simi-

lar results were obtained with Ishikawa-B and Ishikawa-S cells

Table 6. Effect of TPA concentration on taurine uptake

Medium

supplementation

Taurine uptake (pmol=min=mg protein) in

cells grown at

5% O2 20% O2

none 95.4 � 9.9 (100) 73.8 � 3.8 (100)

TPA 1 nM 86.5 � 6.4 (90) 68.3 � 7.4 (92)

TPA 10 nM 70.4 � 7.8 (74)� 60.6 � 7.8 (82)

TPA 100 nM 57.8 � 5.5 (60)� 53.6 � 4.0 (72)�
TPA 1�M 48.9 � 6.1 (51)�� 43.3 � 4.0 (58)��
TPA 10�M 49.7 � 5.2 (52)�� 42.0 � 2.5 (57)��
4�PDD 1�M 83.6 � 3.0 (88)

HeDC 88.7 � 7.3 (93)

TPAþHeDC 91.5 � 7.3 (96)

Ishikawa-M cells were grown in (DMEM:PRþ) with FCS at 5% or 20%

O2. Half-confluent cultures were treated with increasing concentrations

of TPA or with 1�M 4�-phorbol 12,13 didecanoate (4�PDD) for 150

minutes. Another set of dishes was treated either with 1�M hexadecyl-

phosphocholine (HePC) for 180 minutes or with 1�M HePC for 180

minutes together with 1�M TPA for the last 150 min. Percent of control

cells are indicated into brackets. Results statistically different from control

(untreated) cells: �p<0.05; ��p<0.01
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Modulation of taurine uptake by protein

kinase modulators

The PKC activator tetradecanoyl-phorbol-acetate (TPA)

inhibited taurine uptake in the three cell lines. The TPA

effect was independent of the type of serum used (FCS or

NCS) and of the presence or the absence of phenol red

(not shown). TPA inhibited uptake similarly in cells

grown either at 20% O2 or 5% O2 (Table 6). Under the

same conditions 4�-phorbol 12,13 didecanoate was inac-

tive. Maximal inhibition was obtained by incubating the

cells with 1�M TPA for 150 min (Fig. 3). Reversal of the

inhibitory effect occurred immediately after (Fig. 3). A

quite similar TPA effect was observed in all cell lines

(Fig. 3, Table 7). The less the cultures were growing,

the lower was the inhibition of uptake, TPA being without

effect on confluent cultures as well as on non growing low

density cultures (Tables 7 and 8). The PKC inhibitor hexa-

decylphosphocholine (HDC) weakly inhibited the uptake

and reversed completely the TPA inhibition (Table 6).

The calmodulin inhibitor W13 did not change the

uptake at concentration of 1 nM–10�M over 30–120

minutes. Similarly, increasing cell cAMP level by treat-

ment with either SpcAMP (1–5�M) or with dbcAMP

(1 mM), had no effect on taurine uptake, thus exclud-

ing involvement of protein kinase A (PKA) (data not

shown).

Effect of estradiol and of tamoxifen

Table 9 shows that low-density culture taurine uptake was

stimulated by estradiol only in Ishikawa-M cells. This

stimulation was greater for cells grown at 5% O2 for

two days in DMEM:PR� supplemented with NCS, com-

pared to that of the same cells grown at 20% O2. However,

E2 concentrations of 10 nM to 10�M produced a similar

stimulation. Under identical culture conditions, tamoxifen

(100 nM–1�M) did not significantly affect taurine uptake

in the M and S cell lines cultured at 5% O2 or 20% O2

(Table 9). A slight inhibition was observed in B cells.

Fig. 3. Reversibility of the TPA induced taurine uptake inhibition. Ishi-

kawa cells grown in (DMEM:PRþ) with FCS. 1=4 confluent cells were

treated with 1�M TPA for increasing time and taurine uptake was

determined thereafter

Table 7. Effect of cell density on TPA inhibition of taurine uptake

Cell line Cell density TPA Taurine uptake � SD Percentage

pmol=min=mg protein

Ishikawa-M Confluent � 21.0 � 2.1 100

þ 21.5 � 1.8 100

1=3 confluent � 144.7 � 3.8 100

þ 79.1 � 6.6 55

Low � 253.4 � 10.2 100

þ 135.3 � 8.0 61

Ishikawa-B Confluent � 5.4 � 1.1 100

þ 6.0 � 1.5 111

Low � 60.9 � 2.7 100

þ 29.3 � 3.3 48

Ishikawa-S Confluent � 273.1 � 24.7 100

þ 260.3 � 13.3 95

Low � 675.0 � 28.8 100

þ 331.9 � 19.8 49

Cells were grown in (DMEM:PRþ) with FCS until the required density. TPA (1�M) was added to

the culture medium for 150 min before uptake determination. Results statistically different from

non-treated culture: �p<0.01
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Taurine uptake in Ishikawa-M cells was similarly affected

when tamoxifen was tested either as an anti-estrogen (e.g.

cell cultures performed for two days in DMEM:RP�
þ2% NCS, þ10�7 M tamoxifen) or as a PKC inhibitor

(e.g. cell cultures performed for two days in

DMEM:PRþ, 2 � 10�5 M tamoxifen added for the last 3

hours prior to uptake measurement (Gundimeda et al.,

1996) (compare Tables 9 and 10). TPA inhibited taurine

uptake similarly in Ishikawa-M cells whether they were

treated or not either with E2 or with tamoxifen (Table 10).

Whatever the concentrations, estradiol or tamoxifen had

no effect on uptake when added for 10 min to the incuba-

tion medium of the three cell lines during the taurine

uptake determination.

Table 9. Effect of estradiol and of tamoxifen on taurine uptake

Cell line Culture medium

supplementation

Oxygen level

(%)

Control uptake

pmol=min=mg protein

Taurine uptake (% control cells) in cells

cultured in presence of nM E2 or tamoxifen

1 nM 10 nM 100 nM 1000 nM

Ishikawa-M E2 5 195 137� 184�� 197�� 170��
20 206 122� 151�� 157�� 160��

Tamoxifen 5 267 91 88 90 81

20 262 96 91 95 88

Ishikawa-B E2 5 33 91 97 108 97

20 42 96 102 95 107

Tamoxifen 5 46 71� 80 75� 73�
20 50 70� 75� 75� 75�

Ishikawa-S E2 5 445 91 93 89 88

20 442 90 93 107 102

Tamoxifen 5 444 – 102 106 99

20 419 – 100 95 93

Cells were grown in (DMEM:PR�) with 5% NCS until half confluent. Estradiol (E2) or tamoxifen were added to the culture medium for the last two

days. Statistical difference from control cells (untreated) at �p<0.05, ��p<0.01

Table 8. Effect of cell growth on TPA inhibition of taurine uptake

Culture density Protein

(mg=dish)

TPA Taurine uptake

pmol=min=mg protein %

Confluence 360 – 48 � 1 100

350 þ 42 � 1 88

Near confluence 313 – 93 � 3 100

315 þ 77 � 3 82

Half confluence

with isolated cells

132 � 7 – 167 � 10 100

127 � 2 þ 117 � 6 70�

Half confluence with

patches of cells

109 � 3 – 152 � 9 100

110 � 7 þ 149 � 18 98

Cells were seeded at various densities in order to obtain the required densities simultaneously.

Cells were grown at 20% O2 in (DMEM:PRþ) with 5% FCS excepted for the half confluent

isolated cells which were grown in presence of 2% FCS. Two days before uptake determination,

cultures were transferred at 5% O2. Medium was changed to (DMEM:PRþ) either with 5% FCS

for ‘‘confluent’’ and ‘‘nearly confluent’’ sets, or with 2% FCS for ‘‘half-confluent’’ cells. TPA

(1�M) was added to the culture 150 min before uptake determination. Results statistically

different from non treated cultures: �p<0.05
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Discussion

In this study, cells were incubated in CO2-independent

medium (CIM) instead of the so-called ‘‘physiological

buffers’’ that are buffered either with sodium bicarbonate

or with HEPES (Lelong and Rebel, 1998a, b). Taurine

uptake in cells incubated in CIM was lower than that

measured with cells in Krebs-Ringer buffer. Similar

results were observed for nervous cells (Lelong and

Rebel, 1998b), and also for MDR and non-MDR KB

and LoVo cells (Wersinger et al., 2000, 2001) (For dis-

cussion see Lelong and Rebel, 1998b). The presence of a

high affinity and a low affinity taurine uptake is deduced

from the plot of uptake versus taurine concentration.

Although high affinity uptake is not the main taurine

uptake system of Ishikawa cells, it is certainly the most

important in vivo given that the low taurine concentration

of extracellular media is certainly not higher than that of

blood.

Taurine uptake systems from tumoral endometrium

share the classical properties described for various tissues

and cell lines such as Naþ, Cl�-dependence and specific-

ity for �-aminoacids (Huxtable, 1992). HEPES and some

other buffers synthesized by Good et al. (1966) inhibit tau-

rine uptake in glial and glioma cells, in KB MDR and

non-MDR cells (Lleu and Rebel, 1989, 1990; Petegnief

et al., 1995; Lelong and Rebel, 1998b; Wersinger et al.,

2001). In contrast, HEPES did not affect the uptake in

Ishikawa cells. Similarly, ACES another N-ethylsulfonate

derivative, which strongly inhibits taurine uptake in glial

cells (Petegnief et al., 1995), had no effect in Ishikawa

cells. HEPES has many side effects in mammalian cells

some of which are cell specific (for the most important see

Rebel et al., 1999). Our results show that the mechanism

by which HEPES affects taurine uptake may differ be-

tween mammalian cells and is not simply related to a

structural analogy between taurine and buffers described

by Good.

To the best of our knowledge, very few studies have

addressed changes of taurine uptake during the various

stages of cell growth e.g. from low density growing cells

up to confluent resting cells. In the three Ishikawa cell

lines, taurine uptake decreases significantly when cultures

reach confluence. We have previously reported a decrease

of 50% in high affinity taurine uptake when human intesti-

nal non-MDR LoVo carcinoma cells reach confluence

(Wersinger et al., 2000). This was not observed with

MDR-LoVo cells, probably due to their inability to pro-

duce non-growing confluent monolayer cultures. Our

results agree with previously published data showing that

the efficacy of various uptake systems such as amino acids

(Weber et al., 1976; Borghetti et al., 1980; Petronini et al.,

1982; Piedimonte et al., 1982, 1989) or glucose (Bradley

and Culp, 1974) decreases at confluence in normal and

Table 10. Effect of TPA on estradiol or tamoxifen treated cells

Culture medium supplementation Taurine uptake

pmol=min=mg protein %

(a) (b) (c)

None (control) 264 � 26 100

TPA 1�M–2 h 161 � 11 61�
E2 100�M–48 h 393 � 2 149 100

E2þTPA 100�M–48 h 255 � 8 96 65�
1�M–2 h

Tamoxifen 100�M–48 h 240 � 18 91 100

TamoxifenþTPA 100�M–48 h 167 � 11 63� 61�
1�M–2 h

Tamoxifen 20�M–3 h 239 � 19 91 100

TamoxifenþTPA 20�M–3 h 150 � 14 59� 63�
1�M–2 h

Ishikawa-M cells were grown in (DMEM:PR�) with 5% NCS. 1=4 confluent cells were then cultured for two days with

(DMEM:PR�) þ 2% NCS supplemented or not with either estradiol (10�7 M) or tamoxifen (10�7 M) before taurine uptake

determination. TPA (1�M) was added or not for 2 h prior to taurine uptake determination. In another set of cultures, tamoxifen

(2 � 10�5 M) was added 3 hours before uptake determination followed by TPA addition (1�M) 2 hours prior to taurine uptake

determination. Percentages: (a) uptake in percent of control cells (control); (b) uptake in percent of E2 treated cells; (c) uptake in

percent of tamoxifen treated cells. Significant differences at �p<0.01
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tumoral cells. Similarly, a decrease of binding for some

receptors e.g. �-adrenergic receptors, has also been

reported at cell confluence (Harden et al., 1979). Alto-

gether, these observations suggest that upon reaching con-

fluence e.g. a resting status for numerous cells, homeo-

stasis maintenance is achieved by lowering the uptake of

various components rather than by increasing their

release.

Ishikawa cells do not grow as isolated cells. At mitosis,

daughter cells do not separate, thus producing patches of

increasing size with time (Fig. 4). Cells in the centre of

the patch are non-growing whereas those in the periphery

are dividing. This observation explains why taurine

uptake in semi-confluent cultures is between the level

found for low-density cultures and that found for conflu-

ent cultures (Table 3). Very low density cultures were

characterised by a very high uptake level. In these cultures

the majority of cells are either isolated or in contact with

only 2 or 3 cells. With increasing density, the number of

cells embedded in a patch (non-growing cells) increased

whereas the taurine uptake concomitantly decreased. In

confluent cultures all cells are completely in contact with

others. Variation of the uptake with the cell density has an

annoying consequence. Although the cell number of low-

density cultures, in which patches are very small, does not

seriously affect the uptake, this is not the case when

the patches become larger. Significant differences in the

uptake could be found between Petri dishes with similar

DNA or protein content which differed in the size of their

patches. Therefore, as detailed in ‘‘Material and meth-

ods’’, cell isolation and plating was performed with great

care, to avoid a notable discrepancy in number and size of

patches in the dishes. This procedure must also be used

when the effect of TPA on taurine uptake has to be deter-

mined. Indeed, TPA inhibited taurine uptake only in

growing cells (Table 8).

Usually cells are grown in an incubator with an atmo-

sphere of air-CO2 in which oxygen content represents

19–20%. Physiologically, this mimics a hyperoxic condi-

tion as the highest pO2 found in human body reaches 16%

(arterial pO2, Hellkamp et al., 1991). The pO2 of numer-

ous tissues is notably lower, that of human endometrium

being 5% (Yedwab et al., 1976; Rodesh et al., 1992).

Moreover, most of the cells in a tumour are rather in a

hypoxic, or even in an anoxic status (pO2 0.1–5%). This is

also the case for gynecological tumours (Vaupel et al.,

1989; H€oockel et al., 1991; Lyng et al., 1996; Sunfør et al.,

1998; Adam et al., 1999; Aquino-Parsons et al., 2000).

Comparison of taurine uptake at 20% and 5% oxygen

shows that the uptake was notably higher at 5% oxygen.

A shift from 20% oxygen to the ‘‘physiological hypoxia’’

was accompanied by an increase of taurine uptake in the

absence of a noticeable change of efflux. Our results

cannot be compared to those obtained by Franconi et al.

(1985) and Schaffer et al. (2002), who observed an

increase of taurine efflux or a decrease of cell taurine

concentration in heart cells submitted to a metabolic

hypoxia. The shift in the taurine uptake level when cul-

tures were changed from 20% to 5% O2 was very fast,

being effective within one day. The rapidity of this

increase paralleled the decrease of cell growth under the

same conditions (Deret et al., in preparation).

The higher taurine uptake measured in cells at physio-

logical pO2 could be related to a protective mechanism

against certain noxious consequences of hypoxia. Hypoxia

induces an increase of reactive oxygen species (ROS),

lower than the one found in hypoxia-reoxygenation but

not negligible (Siraki et al., 2002). These free radicals

induce lipid peroxidation (for a review, Rice-Evans and

Burdon, 1993). Though we have not found any data on

lipid peroxide levels in cultured tumoral cells, it has been

shown that hypoxia increases the production of lipid per-

oxides and malondialdehyde, one of their degradation

products (Yoshikawa et al., 1982; Minyailenko et al.,

1990; Blasig et al., 1998; Serebrovskaya et al., 1999;

Mankowskaya et al., 2000). Moreover, in several but not

all cell types, hypoxia induces an increase in calcium

influx (Buckler and Vaughan-Jones, 1994; Cornfield

et al., 1993; Hu and Wang, 1994; Rose et al., 1993; Zhao

et al., 1999). This could be due to the induction of an

overload of intracellular calcium by ROS (Herson et al.,

1999). Taurine has been shown to reduce the effect of

Fig. 4. Photomicrography of low density Ishikawa-M cells in culture.

Stricktly similar pictures are obtained for Ishikawa-B and Ishikawa-S

cells (� 60)
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hypoxia both in vivo and in vitro (Schurr et al., 1987;

Tseng et al., 1990; Kendler et al., 1989; Huxtable,

1992). Taurine on one hand regulates calcium movements

(Liebowitz et al., 1989; Satoh, 1994) and antagonises cal-

cium increase induced by hypoxia (Zhao et al., 1999). On

the other hand, taurine reduces hypoxia driven lipid

peroxidation (Mankovskaya et al., 2000) and inhibits the

deleterious effects of reactive aldehydes by formation of

Schiff bases (Ogasawara et al., 1993). Taurine could also

protect cell membranes towards oxidative damage

(Huxtable, 1992).

Some variability in the uptake was found for each cell

line studied. This variability is certainly related to the

fluctuations of cultured cells as previously discussed by

Lleu and Rebel (1989). However, a notable difference in

the uptake level of the three Ishikawa cells grown under

identical culture conditions was found. It is reported that

fatty acid composition of cellular lipids modulates taurine

uptake (Balcar et al., 1980). This is greatly influenced by

the culture medium and the serum used. However, this

does not apply here since the culture conditions were

always identical for the three cell lines. Though we have

no explanation for this great difference, which is not

related to basal taurine efflux, absent in the three cell

lines. Indeed, though statistically significant, the efflux

found in Ishikawa-B was not physiologically significant,

being too low to account for a real effect on the low

taurine uptake in the Ishikawa-B cells.

Though taurine uptake has been studied in other estro-

gen sensitive tissues such as mammary gland (Shennan

and Mc Neillie, 1994; Shennan, 1995; Bryson et al., 2001)

or placenta (Iioka et al., 1984; Miyamoto et al., 1988; Karl

and Fisher, 1990; Moyer et al., 1992; Ramamoorthy et al.,

1993), it is surprising that no study has ever addressed the

effect of steroid hormones on taurine uptake. To the best

of our knowledge only Lewis et al. (1982) and Lombardini

(1986) have shown that administration of estrogen to

female rats did not significantly affect taurine concen-

tration either in blood or in urine (Lombardini, 1986).

Estradiol affected taurine uptake only in growing Ishi-

kawa-M cells, whereas it notably increased the alkaline

phosphatase activity, an estrogen-dependent marker en-

zyme for endometrial cells, in the three cell lines (Deret

et al., in preparation). Moreover, the relations between the

estradiol concentration and the level of taurine uptake,

and the lack of effect of the anti-estrogen tamoxifen are

in favor of a non-genomic action of estradiol on taurine

uptake. The uptake of taurine in M cells grown in the

presence of 5% NCS or FCS was similar. In contrast to

FCS, NCS is physiologically devoid of estrogen. This

argues in favor of the non-genomic effect of estradiol.

However, estradiol concentration of the FCS batch used

in these studies was 600 pg=ml. E2 concentration in the

2 ml medium supplemented with 5% FCS used to culture

cells was therefore 0.11 10�9 M, a level too low to affect

uptake in Ishikawa-M cells.

As shown for all the cultured cell types studied, taurine

uptake in the three Ishikawa cell lines undergoes a regula-

tion process via a phosphorylation pathway. Previously,

three kinases, the calmoduline-dependent kinase, PKC

and PKA, have been reported for their capacity to mod-

ulate taurine uptake (Mollerupt and Lambert, 1996). Our

results show that for Ishikawa cells, only PKC was in-

volved in this regulation. As reported for numerous cell

types, we also observed that activation of PKC with tetra-

decanoyl phorbol acetate (TPA) induced a notable de-

crease in the uptake in the three Ishikawa cell lines. Most

of the published data show that TPA inhibits taurine

uptake in a large variety of confluent cultures, where most

or all the cells are non-growing. In Ishikawa cells, TPA

inhibited the uptake only in growing cells and was com-

pletely ineffective on resting cultures whatever their den-

sity (Table 8). This is not a specificity of Ishikawa cells,

since taurine uptake in cultured differentiated non-grow-

ing neurons from rats was also not inhibited by TPA

(Tschoumkeu-Nzouessa and Rebel, 1996b). Hexadecyl-

phosphocholine, an inhibitor of PKC (Geilen et al.,

1991; Uberall et al., 1991) totally inhibited the effect of

TPA on taurine uptake. Moreover 4� phorbol didecanoate,

a phorbol ester devoid of effect on PKC (Kikkawa et al.,

1983) did not affect taurine uptake, thus confirming the

implication of PKC in taurine uptake regulation in Ishi-

kawa cells. This regulation was not affected by estradiol,

TPA being equally efficient on cells treated or not with

E2. Under some circumstances, tamoxifen behaves as a

PKC inhibitor (for examples see: O’Brian et al., 1985;

Gundimeda et al., 1996; Horgan et al., 1996; Cheng

et al., 1998; Williams et al., 2000; Mehrens et al.,

2000). However, tamoxifen did not affect the inhibition

of taurine uptake induced by TPA under experimental

conditions in which this compound acts either as an anti-

estrogen or as a PKC inhibitor. This lack of effect of

tamoxifen on the PKC triggered modulation of taurine

uptake may be due to a change in the lipid environment

of PKC, as suggested by Issandou et al. (1990).

The maximal effect of TPA occurred after 150 minutes.

This time lapse is in the range of that is usually observed

for other cell types. To the best of our knowledge, no

study has addressed the reversal of the TPA effect. In

Ishikawa cells, reversal of TPA effect rapidly followed
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the inhibitory phase. This was also probable for the

JAR placenta choriocarcinoma cells (see Table 3 in

Kulanthaivel et al., 1991). Reversal of the TPA effect is

a relatively fast event compared to other systems such as

the reversibility of receptor desensitisation which requires

more than 24 hours (see for examples Shifrin and Klein,

1980; Dibner and Insel, 1981). This fast reversal could be

a protective mechanism, preventing endometrial cells

from being too much depleted of taurine.

If the basal properties of the taurine uptake in the three

Ishikawa variants were similar, some notable differences

were found in the uptake regulation. These data also com-

plement the results obtained on cell growth modulation

showing that although the three Ishikawa cell lines have

the same name, in fact they represent three different var-

iants (Deret et al., in preparation). The existence of var-

iants of cell lines with differences in their intrinsic proper-

ties is of particular interest. The best documented example

concerns the human breast cancer MCF7 cell lines. Var-

ious cell lines with the same name, e.g. MCF7, but with

different sensitivity towards estrogen and antiestrogens

are available (Seibert et al., 1983; Butler, 1986; Osborne

et al., 1987; Villalobos et al., 1995; Ram et al., 2000).

Nishida et al. (1996) analysing the 25th passage of the

Ishikawa line have observed that it was heterogeneous

with respect to estrogen sensitivity. Our present study

shows that this heterogeneity, which certainly mirrors

the in vivo tumoral heterogeneity concerns not only the

basic properties of the cell lines (e.g. hormone-sensitivity)

but also other physiological properties which are involved

in the regulation of cellular homeostasis.
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