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Abstract

In order to characterize an involvement of proteoglycans (PG) in the regulation of Leydig cell function, we have examined the

e�ects of para-nitrophenyl-b-D-xyloside (PNPX), a speci®c inhibitor of PG synthesis and para-nitrophenyl-b-D-galactoside
(PNPG), an ine�cient structural anologue, on testosterone production by puri®ed Leydig cells from immature and mature rats,
in the presence or not of various concentrations of hCG during 24 h. Whatever the age, the addition of PNPX induces a

decrease of [35S] and [3H] incorporations into cell layer associated-PG; these latter being less numerous (ÿ50 and ÿ25%,
respectively in immature and mature rat), and less sulfated (ÿ40%) when compared to control Leydig cells. In immature Leydig
cells, the inhibition of PG synthesis decreases both the basal and weakly stimulable-hCG or -(Bu)2cAMP or -LH testosterone

synthesis. In mature Leydig cells, the PG inhibition has no e�ect on testosterone production both in the absence of hCG and in
the presence of weak amounts of hCG but increases it in the presence of subsaturating hCG concentrations. Whatever the age,
the inhibition of PG synthesis is ine�ective in the presence of saturating amounts of either hCG or (Bu)2cAMP. These e�ects are

maintained in the presence of MIX, PMA, but are not observed in the presence of 22R-hydroxycholesterol. Therefore, our
results suggest that in rat Leydig cells, the inhibition of PG synthesis a�ects the signal transduction at a step distal to cyclic
AMP and more precisely, the cholesterol supply to the mitochondria by acting on its cellular distribution (free and esteri®ed
cholesterol). # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The mammalian testis is divided into two compart-
ments, the seminiferous tubules with germ cells, peri-
tubular cells and Sertoli cells which provide an
architectural and nutritional supports for germ cells in
development, and the interstitial tissue [1]. This latter,
besides macrophages, contains Leydig cells which syn-
thesize androgens required for the full development
and the maintenance of spermatogenesis [2]. The regu-
lation of immature and mature rat Leydig cell func-
tions is not only controlled by LH, but also by
intratesticular factors, among them growth factors act-

ing as paracrine and/or autocrine factors [3±6]. In ad-
dition, it has become clear that the cell adhesion
molecules are involved in Leydig cell functions such as
migration, proliferation, di�erentiation and gene ex-
pression expression [7±11]. Proteoglycans (PG), which
consist of a protein core containing at least one cova-
lently bound glycosaminoglycan (GAG) [12,13], rep-
resent not only a family of extracellular matrix
components but are also expressed on the cell surface
[14±17]. PG participate in the cellular dynamic and
regulation by their abilities to interact with either the
extracellular matrix or membrane elements and by
their capacities to bind growth factors [18±22]. By im-
munocytochemistry, Hayashi et al. [23] have shown
the presence of PG in adult mouse Leydig cells. We
have recently demonstrated that cultured immature
and mature rat Leydig cells synthesize PG and heparan
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sulfate proteoglycan (HSPG) [24]. Murono et al. [25],
using heparin (a competitor of HSPG), suggest that in
immature rat Leydig cells heparan sulfates are involved
in the regulation of hCG binding by the basic ®bro-
blast growth factor (bFGF), an intratesticular growth
factor described as an heparin binding growth factor
[26±28]. More recently, two studies using either sodium
chlorate (an inhibitor of sulfation) or protamine sul-
fate and heparin have demonstrated that HSPG may
play a role (i) in the immature rat Leydig cell pro-
duction of androstane 3a,17b diol stimulated by bFGF
only in the absence of LH [29] and (ii) in the mature
rat Leydig cell, when high concentrations of LH [30]
and bFGF [31] are used to stimulate the steroidogen-
esis.

In this report, we wondered to seek whether PG are
implicated in the production of testosterone by imma-
ture and mature rat Leydig cells. For that purpose, we
have used a speci®c inhibitor of PG synthesis, the
para-nitrophenyl-b-D-xyloside (PNPX), an exogenous
acceptor for galactosyl transferase I which competes
with the endogenous xylosylated core protein for
GAG chain elongation [32]. In parallel, to assess the
speci®city of the inhibition of PG synthesis, we have
used a structural analogue the para-nitrophenyl-b-D-
galactoside (PNPG) which does not alter the PG syn-
thesis [33,34]. To understand the mechanism of action
of PG at the cyclic AMP step, a cyclic analogue
((Bu)2cAMP) and a speci®c inhibitor of phosphodi-
esterase, the 1-methyl-3-isobutyl-xanthine (MIX) [35]
have been used. Moreover, subsequently to the action
of LH/hCG, the protein kinase C is also activated [36];
so, a speci®c activator of protein kinase C, 4-b-phor-
bol-12-myristate-13-acetate (PMA) has been checked
[37]. After the generation of cyclic AMP, the choles-
terol is translocated from the cytosol to the mitochon-
drial membranes where it is converted into
pregnenolone by the cholesterol side-chain cleavage
complex (P450 scc). The true limiting step in the
Leydig cell steroidogenesis is the delivery of the choles-
terol to the inner mitochondrial membrane [38]. In
order to sustain steroidogenesis and to determine if
PG are implicated either in the cellular distribution or
in the transport of cholesterol, we have ®rst incubated
Leydig cells with 22R-hydroxycholesterol (22R-OH
cholesterol) [39] and secondly quanti®ed both ester
and free cholesterol.

2. Materials and methods

2.1. Reagents

Human chorionic gonadotropin (hCG) was from
Organon (Serifontaine, France) and Ovine LH from
NIDDKD-NIH (Bethesda, USA). DMEM-Ham F12

without sulfate was from Biological Industries
(Kibbutz Beit Haemek, Israel). All other chemicals
were purchased from Sigma (Saint-Quentin-Fallavier,
France). Cationic membrane (Zeta-probe) was from
Bio-Rad (Ivry-sur-Seine, France) and Percoll from
Pharmacia Biotech AB (Uppsala, Sweden). [35S]-sulfate
and [3H]-glucosamine were from NEN (Les Ulis,
France) and [3H]-testosterone from Amersham (Les
Ulis, France).

2.2. Cell culture

Thirty day-old (immature) and 70/90 day-old
(mature) male Sprague±Dawley rats from our own col-
ony were killed by decapitation. The testes were decap-
sulated, submitted to an enzymatic dissociation, and
the Leydig cells were puri®ed (>80%) on Percoll gra-
dients [40,41]. For the PG labeling experiments, Leydig
cells (500,000 cells/cm2) were seeded in 6-multiwell
dishes (Falcon), then incubated for 24 h under an hu-
midi®ed atmosphere of 95% air/5% CO2 at 328C in 2
ml of sulfate-free medium containing [3H]-glucosamine
(2 mCi/ml) and [35S]-sulfate (10 mCi/ml). Leydig cells
were plated at a concentration of 200,000 cells/cm2 in
24-multiwell dishes and cultured for 24 h in 1 ml of
Ham F12-DMEM for determinations of testosterone
and cholesterol. All cultures were conducted either in
the presence or in the absence of PNPX, PNPG and
various concentrations of LH/hCG. PNPX (1 mM), a
concentration known to induce the biological e�ect
[32±34], or PNPG (1 mM) was added to the puri®ed
Leydig cells and then, the production of testosterone
was measured either in the absence or in the presence
of hCG. PMA (100 ng/ml) and MIX (0.25 mM), con-
centrations which are not toxic for Leydig cells and
biologically e�cient [41,42], and 22R-OH cholesterol
(30 mM), which allows a full stimulation of steroido-
genesis [39], were used.

2.3. Quantitative solid-phase assay of 35S- and 3H-
labeled macromolecules synthesized by immature and
mature rat Leydig cells

At the end of the incubation, medium (2 ml) was
collected and an equal volume of TUT 2X (100 mM
Tris±HCl, 8 M urea, 1% Triton X-100, pH 7.2) con-
taining protease inhibitors was added [33]. The cell
layer was washed twice with PBS-Ca2+ (phosphate
bu�ered saline 0.1 mM, Ca2+ 1 mM, pH 7.2). [35S]
and [3H]-labeled materials associated with the cell layer
(i.e. Leydig cells plus the putative extracellular matrix)
were solubilized with 2 ml of TUT 2X under gentle
shaking for 24 h at the room temperature. The well
was rinsed with 2 ml of PBS-Ca2+ and pooled media
(TUT 2X plus PBS-Ca2+) were then brought to boil-
ing. The quanti®cations of PG and GAG from the
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medium and cell layer extracts were determined by
solid phase assay using cationic nylon membrane [43]
sandwiched in a 96-well dot blot apparatus (Bio-Rad).
PG and GAG were quanti®ed using our reported
methods [24,44]. For each culture well, radioactivity
incorporated in free GAG chains was determined by
subtracting the radioactivity of the 0.15 M NaCl-trea-
ted dot from that of the 0.9 M NaCl-treated dot
[34,44].

2.4. Measurements of testosterone and cholesterol

The culture medium containing more than 90% of
the testosterone synthesized by the Leydig cells [41]
was removed and testosterone determined by RIA
using a speci®c antibody purchased from BioMerieux
(Lyon, France). The inter- and intra-assay coe�cients
of variations were respectively 3 and 6%, and the sen-
sitivity 4 pg/tube. The cell lipids were extracted by the
procedure of Hara and Radin [45] after washings of
the Leydig cells with cold BSA-PBS (0.1%). Free and
total cholesterol were measured enzymatically as
described by SaleÁ et al. [46]; cholesterol esters were
determined after hydrolysis, by subtracting the values
of free from total cholesterol.

2.5. Statistical analysis

All experimental data are presented as means2SEM
of duplicate determinations from three wells in three
di�erent experiments. The Student's t-test was used to
compare the mean values and statistical signi®cance
was accepted at p < 0.05 (StatWorks, Brain Power,
Calabasas, CA).

3. Results

3.1. E�ect of PNPX on PG and GAG synthesized by rat
Leydig cells

Whatever the treatment, after 24 h of culture, the
Leydig cell viability was 90% and the percentage of
3b-hydroxysteroid dehydrogenase positive cells was
around 70%.

3.1.1. Immature rat Leydig cells
The addition of PNPX to the Leydig cell cultures

did not modify the [3H]-glucosamine incorporation in
secreted PG but induced a signi®cant decrease in
newly synthesized [3H]-PG associated with the cell

Table 1

E�ect of PNPX (1 mM) on proteoglycans synthesis by puri®ed Leydig cells from (a) immature and (b) mature rats. Results, expressed in percen-

tage, represent mean2SEM from three experiments

[3H]-Glucosamine [35S]-Sulfate

control PNPX control PNPX

(a) Immature rats

Secreted PG

PG+GAG 10023 223226a 10022.5 265225a

PG 10023 10022.5c 10027.5 8624c

GAG 10027.5 564252a 100212 14392221a

Cell layer associated PG

PG+GAG 10024.5 6024a 10022 50217b

PG 10022.5 5024.5a 10023.5 3423a

GAG 10021.3 7925c 100219 138230c

(b) Mature rats

Secreted PG

PG+GAG 10026 116212c 10022 169217b

PG 10025 7728c 10021 9628c

GAG 100222 172235b 10025 269232a

Cell layer associated PG

PG+GAG 10023 6426a 10023 5426a

PG 10026 7525b 10024 5422a

GAG 100213 2724a 10028 56214b

a P<0.001.
b P<0.01.
c Not signi®cant.
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Fig. 1. (A) Testosterone synthesis by immature rat Leydig cells incu-

bated 24 h in the absence and in the presence of increasing concen-

trations of hCG. Results, expressed in pg/106 Leydig cells/24 h,

represent means2SEM of at least four independent experiments. (B)

E�ects of PNPX (1 mM) and of PNPG (1 mM) on the response of

immature rat Leydig cells to hCG. Leydig cells were incubated for

24 h with increasing concentrations of hCG in the absence and in

the presence of PNPX or PNPG. Data, expressed in percentage, rep-

resent means2SEM of at least four experiments. (a) p<0.001; (b) p

<0.01; (c) p<0.05; (d) not signi®cant when we compared testoster-

one production in the absence versus in the presence of either PNPX

(underlined) or PNPG.

Fig. 2. (A) Testosterone synthesis by mature rat Leydig cells after 24

h of incubation in the absence and in the presence of increasing con-

centrations of hCG. Results, expressed in pg/106 Leydig cells/24 h,

represent means2SEM of at least four separated experiments. (B)

E�ects of PNPX (1 mM) and PNPG (1 mM) on the response of

mature rat Leydig cells to hCG. Leydig cells were incubated for 24 h

with increasing concentrations of hCG in the absence or in the pre-

sence of PNPX or PNPG. Results, expressed in percentage, represent

means2SEM of at least four experiments. (a) p<0.001; (b) p<0.01;

(c) p<0.05; (d) not signi®cant for comparisons of testosterone pro-

duction in the absence and in the presence of either PNPX (under-

lined) or PNPG.
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layer. Simultaneously, PNPX induced a great increase
in the secretion of [3H]-GAG whereas no signi®cant
e�ect on [3H]-glucosamine incorporation in the cell
layer associated GAG was recorded. Furthermore,
PNPX had no signi®cant e�ect on the incorporation
of [35S] in the secreted PG but induced a large decrease
in [35S]-PG associated with the cell layer. Concerning
the secreted GAG, PNPX provoked a drastic augmen-
tation in [35S]-sulfate incorporation but was ine�ective
on the [35S]-labeling of the cell layer GAG (Table 1a).

3.1.2. Mature rat Leydig cells
The PNPX induced a signi®cant decrease in newly

synthesized [3H]-PG secreted and associated with the
cell layer. Simultaneously, PNPX enhanced the se-
cretion of GAG but, in contrast, had a negative e�ect
on [3H]-glucosamine incorporation in the cell layer ass-
sociated GAG. Moreover PNPX was ine�ective on the
synthesis of newly synthesized [35S]-secreted PG but
induced a signi®cant decrease the incorporation of
[35S] in PG associated with the cell layer. PNPX
caused an increase in [35S]-secreted GAG and a dimin-
ution of [35S]-sulfate incorporation in the cell layer as-
sociated-GAG (Table 1b).

3.2. E�ect of PNPX on hCG-stimulated testosterone
production

3.2.1. Immature Leydig cells
Puri®ed Leydig cells from immature rats cultured

for 24 h in the absence of hCG (or LH) produced 1.72
0.1 ng of testosterone/106 Leydig cells. This synthesis
was stimulated weakly by hCG at 10ÿ4 IU/ml (�1.6),
whereas a 2.8-fold increase of testosterone output was
obtained for higher concentrations (Fig. 1A).
Similarly, the testosterone production was slightly
enhanced (1.2-fold) by low amounts of (Bu)2cAMP
(10ÿ4±10ÿ2 mM) whereas 1.4- and 2.5-fold increases of
testosterone output were recorded for 0.1 and 1 mM
of (Bu)2cAMP (data not shown).

The addition of PNPX to Leydig cell cultures
induced signi®cant decreases in testosterone production
in the absence (ÿ18%) as well as in the presence of
either low concentrations of hCG (ÿ10%) or
(Bu)2cAMP (ÿ20%). In contrast, in the presence of
higher amounts of either hCG or (Bu)2cAMP, PNPX
was ine�ective (Fig. 1B). These observations were con-
®rmed when di�erent concentrations of LH were used
instead of hCG (data not shown).

3.2.2. Mature Leydig cells
After 24 h, the basal production of testosterone was

4.520.3 ng/106 Leydig cells. This synthesis was weakly
enhanced (1.2-fold) by 10ÿ4 IU/ml of hCG; conversely,
the testosterone output was increased 7.3-fold when
saturating amounts of hCG (from 10ÿ2 to 5 IU/ml)

were used (Fig. 2A). In the presence of (Bu)2cAMP,
the testosterone secretion was increased in a dose-re-
lated manner and reached 27.5 ng/106 cells/24 h (data
not shown).

In the presence of PNPX the testosterone pro-
duction was signi®cantly increased both in the absence
(+44%) and in the presence (+41%) of weakly stimu-
lating amounts of hCG. However, the synthesis of tes-
tosterone was not modi®ed by PNPX when saturating
concentrations of hCG were used whereas it was sig-
ni®cantly reduced in the presence of 5 IU/ml of hCG
(Fig. 2B). When Leydig cells were cultured with PNPX
and low amounts of (Bu)2cAMP a signi®cant e�ect
was recorded on the testosterone output (+50%)
whereas for higher concentrations, PNPX was less
e�ective (+20%) (data not shown).

3.3. PNPX e�ect on hCG-stimulated testosterone
production: is it related to inhibition of PG synthesis?

3.3.1. Immature Leydig cells
The addition of PNPG induced a slight increase

(+12%) of testosterone production in the absence of
hCG whereas in the presence of subsaturating or satur-
ating hCG concentration the production of testoster-
one was unchanged (Fig. 1B). Similar e�ects were
observed when (Bu)2cAMP was used (data not
shown). The e�ects of PNPX and PNPG were signi®-
cantly di�erent in the absence of treatment and in the
presence of subsaturating stimulation; consequently,
PG inhibition decreased testosterone synthesis respect-
ively by 30% ( p<0.001) and by 10% ( p<0.05).

3.3.2. Mature Leydig cells
In the presence of PNPG, the testosterone pro-

duction was enhanced in the absence (+65%) and in
the presence of low amounts of hCG (+40%). When
PNPG was added together with higher concentrations
of hCG, the production of testosterone was slightly
increased (+13%, Fig. 2B). When low concentrations
of (Bu)2cAMP were used PNPG was not e�cient
whereas for higher amounts, PNPG induced an
increase of testosterone outputs (data shown). The
e�ects of PNPX and PNPG were signi®cantly di�erent
in the presence of subsaturating stimulation; conse-
quently, PG inhibition increased the testosterone syn-
thesis by 30% ( p<0.05).

3.4. Signal transduction step(s) a�ected by the
inhibition of PG synthesis

3.4.1. E�ect of PMA and MIX
Since the e�ect of PG inhibition was mainly

observed in the absence or in the presence of low hCG
concentrations, we have investigated the potential role
of PG on testosterone production by immature and
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mature Leydig cells incubated in the presence of MIX
(0.25 mM) and PMA (100 ng/ml).

In the absence of treatment, PNPX and MIX alone
had two opposite and signi®cant e�ects on testosterone
secretion by immature Leydig cells; in the presence of
both PNPX and MIX, the testosterone production was
not di�erent from that obtained without treatment. To
assess the speci®city of the PG inhibition, PNPG was
used and as reported above, PNPG increased signi®-
cantly the testosterone production and its e�ect was
di�erent from that with PNPX. In the presence of
MIX and PNPG, the testosterone production was
further increased (+61%, p < 0.001, Fig. 3A).
Moreover as observed in the absence of MIX, the
e�ects of PNPG-MIX and PNPX-MIX were signi®-
cantly di�erent. Therefore, it appeared that the PG in-
hibitory e�ect on testosterone production by immature
Leydig cells was recorded in the absence (ÿ55%, p<
0.001) and in the presence of MIX (ÿ50%, p<0.001,
Fig. 3A). These observations were observed also in the
presence of a low hCG concentration (data not
shown).

Although the e�ect of PG inhibition was not signi®-
cant on testosterone production by mature Leydig cells
in the absence of treatment, we have cultured the
Leydig cells in the presence of MIX. As for immature
Leydig cells, the e�ects of PNPX-MIX and PNPG-
MIX were equivalent to the sum of their separated
ones (Fig. 4).

After the incubation of immature Leydig cells for 24
h in the presence of PMA, an increase of testosterone
secretion was noticed and the e�ect was signi®cantly
di�erent from that obtained with PNPX which
decreased testosterone secretion. However, in the pre-
sence of both PMA and PNPX, the testosterone se-
cretion was not di�erent from that without treatment
(Fig. 3B).

3.4.2. Role of cholesterol supply
In order to evaluate a potential e�ect of PG on the

cholesterol delivery to the mitochondria, the Leydig
cells were incubated with 22R-OH cholesterol (30 mM)
for 24 h and with either PNPX or PNPG.

3.4.2.1. Immature Leydig cells. In the presence of 22R-
OH cholesterol, the basal testosterone production by
immature Leydig cells was tremendously enhanced (34-
fold). In the presence of 22R-OH cholesterol and of
PG synthesis inhibition, the testosterone production
was not signi®cantly increased in the absence of hCG.
Furthermore, in the absence of treatment, the choles-
terol esters were largely predominant (89% of the total
cholesterol) in immature Leydig cells (Table 2a). The
inhibition of PG synthesis and sulfation did not a�ect
the quantity of total cholesterol but modi®ed its cellu-
lar distribution; in the presence of PG inhibition, the

free cholesterol was decreased and conversely, the
quantity of cholesterol esters was enhanced (+24%, p
<0.01, Table 2b).

Fig. 3. (A) Testosterone synthesis by immature rat Leydig cells incu-

bated 24 h in the absence of hCG and in the presence or not of

MIX (0.25 mM), PNPX (1 mM), PNPG (1 mM). Results, expressed

in percentage, represent means2SEM of two di�erent experiments.

(B) Testosterone synthesis by immature rat Leydig cells incubated 24

h in the absence of hCG and in the presence or not of PMA (100

ng/ml), PNPX (1 mM). Results, expressed in percentage, represent

means2SEM of two di�erent experiments. (a) p<0.001; (b) p<0.01;

(c) p<0.05; (d) not signi®cant when we compared testosterone pro-

duction recorded in the absence and in the presence of either PNPX

or PNPG.
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3.4.2.2. Mature Leydig cells. In the presence of 22R-
OH cholesterol, the basal synthesis of testosterone by
mature Leydig cells was increased 15-fold. In the pre-
sence of 22R-OH cholesterol and in the absence of
hCG, PNPX and PNPG e�ects on testosterone pro-
duction were not signi®cantly di�erent; therefore, the
PG inhibition was ine�ective on testosterone pro-
duction by mature Leydig cells. In the absence of
treatment, the free cholesterol was much less important
than the cholesterol esters, representing respectively 21
and 79% of the total cholesterol recovered from
mature Leydig cells (Table 2a).

When either PNPX or PNPG was added, the quan-
tity of total cholesterol was unchanged but the cellular

distribution of cholesterol was a�ected. In the presence
of PNPX, whereas cholesterol esters were decreased
the free cholesterol was enhanced. On the contrary, in
the presence of PNPG, the free cholesterol was
decreased and cholesterol esters were increased. Thus
the PG inhibition, without a�ecting the quantity of
total cholesterol, by increasing the free cholesterol and
decreasing the cholesterol esters (ÿ34%), modi®ed the
cellular distribution of cholesterol (Table 2b).

4. Discussion

In a previous work, we have demonstrated a devel-
opmental regulation of PG associated with the cell
layer synthesis; these latters and HSPG are more nu-
merous in immature than in mature rat Leydig cells
[24]. Herein, we used a speci®c inhibitor of PG syn-
thesis, PNPX, to examine the e�ects of PG sulfation
and synthesis on the testosterone secretion by imma-
ture and mature rat Leydig cells cultured for 24 h in
the presence or not of various concentrations of either
hCG, or LH or (Bu)2cAMP.

Whatever the age, PNPX induces both quantitative
and qualitative modi®cations of PG synthesis in rat
Leydig cells. Indeed, PG associated with the cell layer
produced by immature and mature rat Leydig cells are
not only quantitatively decreased but also less sulfated.
As previously shown with other cell types, no heparan
sulfate is formed on xylosid primer but the HS syn-
thesis is diminished due to a decrease of precursors
availability for PNPX-GAG synthesis [32±34].

Both in immature and mature Leydig cells the tes-
tosterone secretion is modi®ed in the presence of
PNPG, an ine�cient competitor of PG synthesis,
therefore the true e�ect of PG inhibition is not
obvious. This observation and the fact that PNPX can
be catabolized (giving paranitrophenol and xylose) in
di�erent cell types [47,48] suggest that the aglycone el-

Fig. 4. Testosterone synthesis by mature rat Leydig cells incubated

24 h in the absence of hCG and in the presence or not of MIX (0.25

mM), PNPX (1 mM), PNPG (1 mM). Results, expressed in percen-

tage, represent means2SEM of three wells from one experiment. (a)

p<0.001, when we compared of testosterone productions without

and with treatment.

Table 2

(a) Quanti®cation of total, free and ester of cholesterol and (b) e�ect of PNPX (1 mM), PNPG (1 mM) and PG inhibition on free cholesterol in

immature and mature rat Leydig cells cultured for 24 h in the absence of hCG. Results represent mean2SEM from three and two experiments re-

spectively in immature and mature rat Leydig cells

Total cholesterol (mg/106 cells)Free cholesterol (mg/106 cells)Ester of cholesterol (mg/106 cells)

Immature rat Leydig cells18.220.6 2.120.8 16.821.8

Mature rat Leydig cells 11.821.8 2.420.1 9.420.2

Total cholesterol (mg/106 cells)Free cholesterol (%) PG inhibition e�ect

control PNPX PNPG

Immature rat Leydig cells18.220.6 11.120.5 21.322 4325 ÿ50%a

Mature rat Leydig cells 11.821.8 2021.1 40.520.5 1421.1+133%a

a P<0.01.
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ement of PNPX and PNPG is e�cient on testosterone
secretion. Consequently we have subtracted the e�ect
observed in the presence of PNPG from that obtained
with PNPX to determine the real e�ect of PG inhi-
bition on testosterone production.

In the absence of gonadotropin and in the presence
of both sulfation and synthesis inhibitions of PG, the
testosterone secretion is signi®cantly decreased in
immature but not signi®cantly modi®ed in mature
Leydig cells. Our results are identical to those reported
when only the inhibition of PG sulfation is induced in
immature [31] and in mature [30] rat Leydig cells.
Therefore, we can exclude the hypothesis that biologi-
cal e�ects of PG upon cultured Leydig cells can be due
to an alteration of membrane conformation sub-
sequent to inhibition of PG synthesis. Concerning the
e�ect of PG inhibition, we have supposed an involve-
ment of cAMP since PG inhibition is e�ective in unsti-
mulating and subsaturating hCG (or LH or
(Bu)2cAMP) conditions. Therefore, we have studied
the e�ects of PMA and MIX on testosterone pro-
duction in immature and mature rat Leydig cells in the
presence of either PNPX or PNPG and without stimu-
lation of testosterone secretion. As shown in a pre-
vious study [49], the addition of PMA as well as that
of MIX to the Leydig cell incubation medium,
increases the testosterone secretion [2,50]. Since in the
absence or presence of low hCG concentrations, the
e�ects obtained with either PNPX-MIX or PNPG-
MIX are the sum of their separated e�ects, we con-
clude that whatever the role of PNPX or PNPG or PG
inhibition, their e�ects are maintained in the presence
of MIX. Similar observations are recorded in the pre-
sence of PMA. Therefore, both in immature and
mature rats, the e�ects of PNPX and PNPG in the
absence of treatment are located at a post-cyclic AMP
step. These results are observed also using subsaturat-
ing and unstimulating concentrations of hCG, respect-
ively in immature and mature rat Leydig cells.
Whatever the age, in the absence of hCG but in the
presence of 22R-OH cholesterol, the PG inhibition is
ine�cient on the testosterone secretion. Since the
decrease induced by the PG inhibition is maintained in
the presence of both PMA, MIX or very low amounts
of hCG (or LH or (Bu)2cAMP) and is abolished in the
presence of 22R-OH cholesterol, PG appear to be
essential for the maintenance of cholesterol supply.

Consequently, we may suggest that in immature rat
Leydig cells, both in the absence or in the presence of
low concentrations of hCG (or LH or (Bu)2cAMP), an
autocrine positive factor may interact with PG, and
more precisely with their GAG chains, in order to
maintain the delivery of cholesterol to the mitochon-
drial P450 scc. Since the PG inhibition, without a�ect-
ing the quantity of cholesterol, modi®es the cellular
distribution of cholesterol, by increasing cholesterol

esters and decreasing free cholesterol, we may evoke a
positive role for PG in activity and/or synthesis of
ester hydrolases in immature rat Leydig cells.

Conversely, in mature rat Leydig cells, the PG inhi-
bition is ine�cient in the absence as well as in the pre-
sence of unstimulating concentrations of hCG, but
increases the testosterone production in the presence of
subsaturating doses of gonadotropin. However, as in
immature rat Leydig cells, the PG inhibition e�ect dis-
appears or is not predominant in the presence of either
high concentrations of hCG or 22R-OH cholesterol.
So, in mature Leydig cells, we may suggest the impli-
cation of an autocrine negative factor which action
requires the interaction with PG and more precisely,
with their GAG chains. Since its action is post-cAMP
and is suppressed in the presence of 22R-OH choles-
terol, that factor acts on the delivery of cholesterol to
the steroidogenic pathway stimulated by hCG. Indeed,
PG inhibition increases the disponibility of free choles-
terol (two-fold) by decreasing cholesterol esters. So we
may postulate the presence of an autocrine negative
factor, which requires PG and thus limits activity and/
or synthesis of ester hydrolases.

So whatever the age, in the presence of a saturating
concentration of either hCG or (Bu)2cAMP or LH,
PG are ine�cient in improving testosterone output.
So, our results are opposite to those obtained in pre-
vious studies [30,31]. Our observations cannot be
explained by the fact that hCG modulates the cell sur-
face PG species and/or their abundance. Even if hCG
modi®es the PG synthesis by Leydig cells, as shown in
our previous study [24], these latters are secreted
PNPX-GAG. Our data and those of McFarlanne et al.
[30] and Laslett et al. [31] observed in the presence of
high LH concentration are di�cult to reconcile. In
mature Leydig cells, protamine sulfate and sodium
chlorate induce a decrease by more 50% of the testos-
terone secretion in the presence of a saturating amount
of LH. However, after removing the culture medium,
there is no di�erence between the production of testos-
terone by preincubated Leydig cells with either sodium
chlorate or not during 20 h, followed by the addition
of a saturating amount of LH [30]. These observations
and our results suggest (i) that PG have no e�ect in
the presence of high LH/hCG concentrations and (ii)
that the e�ect observed by McFarlanne et al. [30] with
sodium chlorate does not implicate PG and/or GAG
chains. Thus that drug which is a sulfation inhibitor
non-speci®c of PG or GAG may interfere with other
molecules involved in the regulation of testosterone se-
cretion by both immature and mature rat Leydig cells.

In conclusion we have demonstrated that PG and
HSPG associated with the cell layer are quantitatively
more important in immature than in mature rat
Leydig cells [24]. This age-related developmental di�er-
ence in PG synthesis is in agreement (i) with the exist-
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ence of a basement membrane [8] and (ii) with their
role in the modulation of steroidogenesis in immature
and mature rat Leydig cells.
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