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Summary

In view of the evidence suggesting a possible effect of high concentrations of
steroids on membrane properties, we have investigated the effect of several
steroid molecules on the uptake and incorporation of [*H]uridine in isolated
mouse thymocytes. Qur results demonstrate that the sex steroids, the estro-
genic compound, diethylstilbestrol, and several non-hormonal steroid molecules
induce a marked inhibition of nucleoside uptake. This effect, which occurs
only at concentrations above 107% M, is almost instantaneous but transient and
does not therefore appear to be mediated through specific receptor occupancy.
Since sex steroids have been shown to inhibit mitogen-induced blast transfor-
mation at concentrations close to 107° M, we suggest that this membrane
effect of sex steroids may partly explain their immunosuppressive effects.

Introduction

An increasing amount of evidence suggests that sex steroids can exert
marked immunosuppressive effects in vivo [1—3]. Treatment with estradiol,
testosterone and some of the placental metabolites of progresterone and
testosterone induces thymic atrophy and this also occurs during gestation
[4—7]. In addition, several alterations in the immune system have been
observed during pregnancy or hormonal therapy [8—13]. In contrast, with the
immunosuppressive action of glucocorticoids which has been extensively
studied and is thought to be mediated partly through an interaction of the
steroid hormones with stereospecific cytoplasmic receptors [14], the mecha-
nisms of the sex steroid effects have been investigated little in vitro. Several
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authors, however, have reported the ability of androgens, estrogens and pro-
gestins to block lymphocyte transformation in vitro but at concentrations
much higher than those required for glucocorticoids [15—18].

Binding studies performed in isolated thymocytes have failed to demon-
strate specific receptors for sex steroids [19,22], whereas such receptors have
been recently described within epithelial cells of the thymus [21,22] and
Bursa of Fabricius [23]. Several indications suggest that steroids at high con-
centrations can induce rapid alterations of cell membrane properties. In addi-
tion to the well documented effects of steroids on the stabilization-lysis of
lysosomal and erythrocyte membranes [24] and the action of these drugs on
the electron-transport pathway in isolated mitochondria [25], steroids have
also been shown to inhibit the transport of glucose in human erythrocytes and
adipocytes [26,27] and to decrease the uptake of glucose and amino acids
in rat hepatoma cells [28]. In addition, Batra [29] and Pietras and Szego [30]
presented evidence for the modulation of calcium uptake in uterine cells by
estrogens. Recently, Baulieu and coworkers [31] have demonstrated that
progesterone and other related compounds can promote the maturation of
oocytes from Xenopus laevis by a direct action at the level of the cell mem-
brane. Similarly, Dufy et al. [32] have shown that estrogens exert a rapid
effect of the electrical activity of pituitary cells in culture, and the membrane
anaesthetic properties of several steroid molecules are well documented [33--
35]. In order to explore the possibility that the inhibitory effect of sex steroids
on lymphocyte transformation can be related to a direct membrane action,
we have studied the uptake of [®H]uridine in isolated thymocytes in the
presence of various steroids. The transport of this nucleoside has been exten-
sively studied by Plagemann and Richey [36]. Following its entry into the cell
by facilitated diffusion, uridine is rapidly phosphorylated, accumulates in the
acid-soluble pool mainly as UTP and is then incorporated into acid-insoluble
material.

Materials and Methods

Animals and reagents

Female Cs, BL/6 mice, 6—8-week old (15—25 g body wt.) were supplied
by CSEAL (Orleans, France). Adrenalectomy has been shown to decrease
the proportion of thymocytes which die spontaneously during in vitro incuba-
tion [37,38]. Therefore, the animals used in our experiments were routinely
adrenalectomized 4--5 days before each experiment and kept on a standard
diet with free access to 1% saline.

Steroids (kindly provided by J.P. Raynaud, Roussel Uclaf, France) were
first dissolved in ethanol and then diluted to the appropriate concentrations
with the incubation medium. The final concentration of ethanol was always
less than 0.5% and therefore did not modify cell viability or nucleoside trans-
port. All reagents used were analytical grade. Alfaxolone was a gift of Dr.
Alexandre (Glaxo laboratories, Paris, France).

Isolation of thymocytes
The procedure used for the isolation of thymocytes has been described
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in detail elsewhere [38]. Cells were isolated at room temperature and adjusted
to 107 cells/ml in minimum essential medium (Gibco Ref. 138) supplemented
with sodium pyruvate (1 mM), L-glutamine (2 mM), 100 U/ml penicillin and
100 ug/ml streptomycin, and 1% (v/v) non-essential amino acid solution. Cell
viability was determined at the end of the isolation procedure using the trypan
blue exclusion test and was always over 95%. This cell suspension, as judged
by light-microscopic observation, contains more than 95% of small lympho-
cytes.

Analysis of nucleoside uptake and incorporation

The kinetics of [3H]uridine uptake and incorporation were measured at
37°C in the absence (control) or presence of various steroids. At the begin-
ning of the experiment, each sample (3 - 10° cells in a final volume of 0.6
ml) received simultaneously 1 pCi of [*H]uridine (25 Ci/mmol, CEN Saclay,
France) and steroid. Then, at various intervals after tracer addition, both
the whole cell uptake and the incorporation into acid-precipitable material
were determined.

Determination of whole cell uptake. 0.2 ml aliquots of cell suspension were
centrifuged for 15s at 11 000 X g. Supernatants were discarded and the cells
resuspended at room temperature in 0.9% saline. After two additional washes,
the cell pellets were digested overnight in 1 ml of Soluene 350 (Packard) and
counted by liquid scintillation spectrometry.

Determination of incorporation. The residual 0.4 ml aliquots were precipi-
tated by addition of ice-cold 5% trichloroacetic acid. The precipitates were
filtered on Whatmann GF/A filters, and washed three times with 10 ml of
ice-cold 5% trichloroacetic acid. The radioactivity collected on the filters
was counted by liquid scintillation spectrometry. Makman et al. [39] have
demonstrated that more than 85% of the radioactivity recovered after tri-
chloroacetic acid precipitation represents RN A-associated material.

Pulse chase experiments. The experimental procedure permitting the disso-
ciation between [*H]uridine uptake and its subsequent incorporation into
macromolecules has been described by Plagemann and Richey [36]. In these
experiments, the cells were first incubated with the radioactive precursor at
20°C. At this temperature, macromolecule synthesis is almost completely
blocked, whereas transport and phosphorylation continue at a significant rate.
After centrifugation of the cells (800 X g, 5 min, 20°C), further incubation at
37°C in a medium devoid of uridine then allows the analysis of the utilisa-
tion of the acid-soluble pool for RNA synthesis. In these experiments, the
steroid was added either at the beginning of the incubation at 20°C and then
washed together with the radioactive precursor, or at the beginning of the
incubation at 37°C. At various intervals during the incubation, both precursor
uptake and incorporation were determined as described above, [*H]Thymidine-
(CEA, France, 27 Ci/mmol) was used instead of [*H]uridine as the radioactive
precursor in some experiments.

Results

Kinetics of [*H]uridine uptake and incorporation in isolated mouse thymo-
cytes
The time course of uridine uptake and incorporation at 37°C, in the absence
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Fig, 1, Kinetics of [3H]u.ridine uptake (a) and incorporation (b) at 37°C. At the beginning of the experi-
ment, each sample received 1 uCi of [3H]uridine and was incubated at 37°C for various periods of time.
At the times indicated on the figure, the whole cell uptake and the incorporation into trichloroacetic-
precipitable material were determined stimultaneously. Each value is the mean (+8.D) of triplicate deter-
minations from four experiments.

of steroid, are presented in Fig.1l. Both uptake and incorporation proceed
almost linearly during 60—90 min and then tend to plateau. Similar results
were obtained by Plageman and Richey [36] in Novikoff rat hepatoma cells.

Effect of steroids on uridine uptake and incorporation: dose-response curves
Preliminary experiments (not shown) demonstrated that in contrast to gluco-
corticoids which only elicit inhibition of uridine uptake and incorporation
after 2—3 h of incubation, most of the steroids tested, when active, inhibited
the uptake and the incorporation within the first hour of incubation. The dose-
response curves for the various steroids tested were therefore established after
a 45 min incubation. Fig. 2 shows the results obtained for diethylstilbestrol,
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Fig. 2. Dose-response curves of the effects of steroids on the uptake (a) and incorporation (b) of [3H]-
uridine at 837°C. At the beginning of the experiment, each sample received 1 puCi of [3H]uridine and
various concentrations of steroids. After 45 min of incubation, whole cell uptake and incorporation
were determined. Results are expressed as percentage inhibition of control samples, incubated in the
absence of steroids. Each value is the mean of triplicate determinations from three experiments. (&)
Diethylstilbestrol; (©) alfaxolone; (¢) testosterone; (1) dexamethasone,
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alfaxolone, testosterone and dexamethasone. After this period of incubation,
dexamethasone, whatever the concentration used, up to 10™* M, did not induce
any modification of precursor uptake and incorporation. Similarly, aldosterone
and ouabain (not shown) were inactive under our experimental conditions.

In contrast, at concentrations above 107¢ M, diethylstilbestrol, alfaxolone
and testosterone as well as progesterone, deoxycorticosterone and 25-hydroxy-
cholesterol (not shown) all caused a decrease in both uridine uptake and incor-
poration. The slope of these dose-response curves differs markedly from
one compound to another, Testosterone, for example, has no effect at 1073
M but induces a 50% inhibition at 3 - 10 M, whereas alfaxolone and diethyl-
stilbestrol induce a progressive inhibition of uridine uptake and incorporation
with increasing concentrations.

Kinetics of steroid action

The time course of the inhibition of [*H]uridine incorporation by the
various steroids at 37°C is presented in Fig. 3. Dexamethasone and aldosterone
(107° M) elicit a progressive inhibition of precursor incorporation which
becomes significant after 2 h of incubation and increases further with pro-
longed incubation. On the other hand, most of the other steroids tested, at
concentrations comparable to those used for dexamethasone (107° M), induce
a transient inhibition of uridine incorporation. Under these experimental
conditions, the inhibitory effect reaches a maximum within 15—30 min after
steroid addition and then decreases with uridine incorporation slowly return-
ing to control values.

The most potent inhibitor of uridine incorporation is diethylstilbestrol, a
non-steroidal estrogenic compound, which induces about 80--90% inhibition
at 1075 M, followed in order by progesterone, deoxycorticosterone and testo-
sterone (5 - 107° M). Under our experimental conditions, the uptake of nucleo-
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Fig. 3. Kinetics of inhibition of [3H]uridine incorporation in the presence of steroid at 37°C. Steroid and
[3H]uridine were added at the beginning of the incubation period and the incorporation into acid-
insoluble material was determined after various periods of incubation. Each value is the mean (+S.D.)
of triplicate determinations from three to five experiments. (0) Diethylstilbesterol, 1075 M: ©) 25-
hydroxycholesterol, 10~5 M; (®) aldosterone, 10~5 M; (®) dexamethasone, 10™5 M; (v) deoxycorticos-
terone, 5 - 1075 M; (0) progesterone, 5 - 10~5 M; (2) testosterone, 5 - 1075 M.
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TABLE1

EFFECT OF STEROIDS (1075 M) ON THE UPTAKE AND INCORPORATION OF [3H]URIDINE
AFTER 45 MIN INCUBATION AT 37°C

Each value is the mean (+8.D.) of triplicate determinations from three experiments.

Inhibition

Uptake Incorporation
Diethylstilbestrol 906+ 2.8 91 * 3
Progesterone 197+ 7 2456+ 9.7
Deoxycorticosterone 196 9.6 21 *11.7
Alfaxolone 21 *17 25 t13
25-Hydroxycholesterol 15 *14 14 * 4
Testosterone 0 0
Dexamethasone 0 0
Aldosterone 0 1)
Ouabain (] 0

side proceeds in parallel with the incorporation and appears to be equally
inhibited by the steroids (Table I).

Puylse chase experiments

Fig. 4 shows the results obtained in experiments performed according to
the procedure defined by Plageman and Richey [36] with a preliminary incuba-
tion at 20°C followed by an incubation at 37°C. This procedure allows one to
study specifically the effect of the various steroids tested on either nucleoside
uptake and/or incorporation. Addition of 107°*M diethylstilbestrol at the
beginning of the experiment induces a marked inhibition of precursor uptake
at 20°C, and also a marked inhibition of incorporation during the following
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Fig, 4, Effect of diethylstilbesterol on [3H]uridine uptake and incorporation. Cells were first incubated
for 30 min at 20°C in the presence of [3H]uridine + 10~5 M diethylstilbestrol. At the end of this incuba-
tion period, cells were washed and resuspended at the same concentration in a medium devoid of steroid
and nucleoside at 37°C. Whole cell nucleoside and incorporation into acid-insoluble material were deter-
mined at various intervals during these incubation periods., (©) [3H]Uridine uptake in the absence of
diethylstilbestrol; (®) [3HJuridine incorporation in the absence of diethylstilbestrol; ) [3H]uridine
uptake in the presence of diethylstilbestrol; (4) [3H]uridine incorporation in the presence of diethyl-
stilbestrol. Each value is the mean of triplicate determinations from a typical experiment.
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TABLE II

The cells were preincubated for 30 min at 20°C in the absence of drug, with 1 uCi of [3H]luridine, then
washed and resuspended at 37°C in a nucleoside-free medium *10™5 M dexamethasone or diethylstil-
besterol. The whole cell content of nucleoside was then determined at various intervals after steroid addi-
tion. Each value is the mean (¥S.D.) of triplicate determinations in three experiments.

10 min 30 min 180 min

{3H] Uridine uptake (cpm/106 cells)

(control) ' 6483 * 3209 5847 * 3536 4005 +1768
Dexamethasone (1075 M) (% of control) 101.8 + 2.9 91.6 + 8 108.8+ 36.4
Diethylstilbestetrol (10™5 M) (% of control) 83.8 + 1.1 72.4t 10.1 75.7+ 22.3

incubation at 37°C in drug-free medium (Fig. 4). Under similar experimental
conditions, dexamethasone (107° M) does not significantly alter either the
uptake at 20°C or the subsequent incorporation at 37°C (not shown). Addi-
tion of 1073 M dexamethasone at the time of resuspension of cells in a medium
free of radioactivity at 37°C did not lead to any significant change in the
pattern of uptake and incorporation, whereas under similar conditions diethyl-
stilbestrol (107° M) induced a slight decrease (20%) in the total amount of
radioactivity associated with the cells (Table II).

Studies on thymidine incorporation

Wohlhueter et al. [43] have shown that thymidine transport in mammalian
cells is a carrier-mediated system distinct from that ensuring the entry of
uridine, The high velocity of this transport system makes it relatively difficult
to measure using procedures currently applied for the determination of uridine
uptake. Therefore, in this study, we have only measured the effect of steroids
on [*H]thymidine incorporation. As shown in Table III, most of the
compounds tested are also able to decrease thymidine incorporation after 45
min incorporation at 87°C. It appears, however, that the inhibitory action of
a given steroid on uridine and thymidine incorporation is not equivalent.
Progesterone, for example, is more potent in decreasing thymidine incorpora-
tion than that of uridine whereas the opposite is true for diethylstilbestrol.
In addition, 25-hydroxycholesterol, which slightly decreases uridine uptake

TABLE III
EFFECT OF STEROIDS (10~5 M) ON [3HITHYMIDINE INCORPORATION AFTER 45 MIN AT 37°C

Each value is the mean (+S.D.) of triplicate determinations from three experiments.

% inhibition

Progesterone 90 + 4.3
Diethylstilbestrol 67.3+185
Deoxycorticosterone 428* 2

Testosterone 299 +14.5
Alfaxolone 153 7.3
Dexamethasone 121+ 4.2

25-Hydroxycholesterol —176* 9.5
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and incorporation enhances thymidine incorporation. Kinetic experiments
demonstrated that this effect of steroids on thymidine incorporation also
appears transient (not shown).

Discussion

The catabolic effects of glucocorticoids on lymphoid cells have been exten-
sively studied [14]. These compounds induce in particular an inhibition of the
incorporation of radioactive precursors into RNA. This action is thought to
be mediated through an interaction with cytosolic glucocorticoid receptors
on the basis of the following criteria: the effect takes place at concentrations
close to that achieving receptor saturation (5 -107% M), is only measurable
after a lag period of 1—2 h and can be blocked by inhibitors of RNA and pro-
tein synthesis. In the present work, we have shown that sex steroids as well
as some other steroids and non-steroidal compounds are also able to modulate
the uptake and incorporation of this nucleoside in isolated mouse thymocytes.
However, the characteristics of this inhibitory effect are markedly different
from those measured in the presence of dexamethasone. Firstly, the onset
of inhibition is very rapid and almost instantaneous (Fig. 4) with a progressive
decrease during prolonged incubation (Fig. 3). Secondly, the inhibitory effect
of these steroids occurs only at very high concentrations, 10™°* M or more.
It should be noted that the majority of active compounds do not bind with
appreciable affinity to glucocorticoid receptors, with the exception of deoxy-
corticosterone and progesterone which present a moderate affinity for dexa-
methasone-binding sites [14,18]. Given the fact that isolated thymocytes do
not contain binding sites for sex hormones [19—21], it is possible that these
steroids act by a non-receptor-mediated process. Moreover, in experiments
performed at 20°C, we have shown that this effect primarily affects the uptake.

Steroids have been shown to interact with membranes either at the level
of the plasma membrane [40—42] or at the level of lysosomal and mitochon-
drial membranes [44,45]. Therefore, we suggest that the inhibitory action of
sex steroids on nucleoside uptake is mediated by an effect of the drug at
the level of cell membrane. As shown in our experiments, a given compound
may exert different actions on uridine and thymidine uptake. This variability
could thus reflect more specific interactions with the different membrane
components.

Several authors have previously shown that sex steroids are able to block
mitogen-induced lymphoblast transformation as appreciated by following
[*H]thymidine incorporation at concentrations higher than 107° M. We suggest
that the inhibition of nucleoside incorporation demonstrated at these con-
centrations could in part explain this effect. Steroid concentrations of this
order of magnitude can be achieved locally at the level of the placenta during
pregnancy [46] or systemically during steroid treatment and therefore could
be responsible for some of the immunosuppressive effects observed under
these conditions.
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