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Summary. Mammalian testis contains D-aspartic acid (D-Asp), which

enhances testosterone production. D-Asp, on other hand, also stimulates

17b-estradiol synthesis in the ovary of some lower vertebrates. We studied

boar testis in order to determine if D-Asp intervenes in 17b-estradiol

synthesis in the testis of those mammals which produce significant

amounts of estrogens as well as testosterone. The boar testis contains

D-Asp (40 � 3.6 nmol=g tissue) which, according to immunohistological

techniques, is localized mainly in Leydig cells, and, to a lesser extent, in

sustentacular (Sertoli), peritubular and some germ cells. The enzyme

P450aromatase is present in Leydig cells and few germ cells. In vitro

experiments showed that the addition of D-Asp to testicular tissue extracts

induced a significant increase of aromatase activity, as evaluated by

testosterone conversion into 17b-estradiol. The enzyme’s Km was not

affected by D-Asp (about 25 nM in both control and D-Asp added tests).

On the basis of these results we suggest that, as in the ovary, D-Asp is

involved in the local control of aromatase activity of boar testis and,

therefore, it intervenes in the 17b-estradiol production. In the testis, the

D-Asp targets are presumably the Leydig cells, which having also a

nuclear estrogen receptor are, in turn, one of the putative targets of the

17b-estradiol that they produce (autocrine effect).
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Introduction

The testis of several mammalian species is a source of

estrogens, although the roles of these hormones in the

male gonad are still not completely known. Either Leydig

or germ cells appear to be the site of 17b-estradiol synthe-

sis since they contain the cytochrome P450 aromatase

(P450arom), the enzyme which catalyzes androgen con-

version into estrogens. Moreover, both Leydig and some

germ cells express the estrogen receptor (ER), an aspect

that makes them a putative target of the hormone they

produce (autocrine effect).

In several mammals, the male gonad, besides a high

testosterone production, has also the capacity to synthe-

size 17b-estradiol, although at a low rate and in amounts

different in the species so far studied. The estrogen hor-

mone appears to be primarily in Leydig cells but also, to

a lesser extent, in Sertoli and germ cells (Carreau et al.,

1988, 1999). 17b-estradiol synthesis depends on the P450

aromatase, which catalyses the conversion of testoster-

one into estrogens (Simpson et al., 2002). In the adult

testis, the enzyme has been mainly localised in Leydig

cells, but also in germ cells and, to a lesser extent in

Sertoli cells (Payne et al., 1976; Brodie and Inskter,

1993; Turner et al., 2002). The aromatase activity, more-

over, appears to be under the control of modulators both

at transcriptional and post transcriptional levels (Genissel

et al., 2001).

In the gonads, a local putative modulator of sex hor-

mone synthesis could be the amino acid D-aspartic acid

(D-Asp) whose presence, in free form, has been documen-

ted in a variety of animal tissues, including the gonads

(D’Aniello et al., 1998a). In the testis, D-Asp intervenes

in testosterone synthesis. In adult male rats, in fact, the

endogenous D-Asp content of testis is higher in sexually

active animals and, according to the results of several in

vivo and in vitro experiments, it induces a significant

increase of testosterone output (D’Aniello et al., 1996,

1998a, 2000a, b; Nagata et al., 1999a). On the other hand,

some studies carried out on seasonally breeding lower

vertebrates (an amphibian and a reptilian species), have

shown that in females the D-Asp content of the ovary

significantly increases during the reproductive period,



concomitantly to the 17b-estradiol level increases both

in the gonad and plasma, and, moreover, in the ovary of

non-reproductive females D-Asp induces, in vivo and in

vitro, a significant increase of 17b-estradiol synthesis and

a decrease of its typical precursor, i.e. testosterone (Di

Fiore et al., 1998b; Assisi et al., 2001). These findings,

therefore, clearly confirm the role of D-Asp as a local

regulator agent of sex hormone production by vertebrate

gonads, but, at the same time, it has been proposed that

D-Asp has a dual role linked to the sex, i.e. D-Asp stimu-

lates androgen synthesis in the testis and 17b-estradiol

synthesis in the ovary.

These data, consequently, pose an interesting question,

i.e. in those mammalian testes that produce either testo-

sterone or 17b-estradiol, does D-Asp exert any role in the

17b-estradiol synthesis? In other words, in the testes

does D-Asp regulate, besides testosterone production, also

the aromatase activity which converts testosterone into

17b-estradiol? To address this question, we choose to

study boar testis which, among mammals, is known to

produce a fairly high amount of estrogens (Raeside

et al., 1993; Conley et al., 1996). In the testes of adult

specimens we, therefore, investigated the aromatase loca-

lization and in vitro activity, the D-Asp level, localization

and in vitro activity, and the ER localization.

The ER localization study was carried out in order

to evaluate if, as in other mammalian species, testic-

ular estrogen targets can be demonstrated also in the

pig testis. As it is well known, the biological estro-

gen actions are mediated by their specific receptors

that belong to the family of nuclear hormone receptors

(Green et al., 1986; Kuiper et al., 1996). In rodents, the

ER presence has been reported in the Leydig cells of

adult male testis (Mowa and Iwanaga, 2001; Zhou et al.,

2002). In these animals, ER expression, moreover, has

been noticed also in Sertoli and germ cells (Saunders

et al., 1998).

Materials and methods

Testis samples

Adult boar testes were obtained from slaughter. Tissue samples were

fixed by immersion in Bouin’ s fluid for 12–24 h or buffered in 4%

paraformaldehyde, pH 7.4, for 8–12 h at room temperature. After

washing in tap water, the samples were processed for paraffin embed-

ding in vacuum or were immersed in phosphate-buffered saline (PBS,

pH 7.4, 0.01 M) containing 0.1% sodium azide and 20% sucrose, as a

cryoprotectant, for 24–48 h. Both paraffin-embedded and cryoprotected

samples were cut 8–10 mm thick. This material was utilised to perform

immunohistochemical and immunofluorescent stainings. Other testis

samples were kept at �80 �C and utilised to carry out the in vitro

aromatase determinations.

Immunohistochemical methods

The immunohistochemical staining for aromatase and D-Asp demonstra-

tion was performed through the peroxidase antiperoxidase (PAP) method

of Sternberger (1979). Sections were rinsed in distilled water, after dewax-

ing if necessary, and treated for 20 min with 3% H2O2. Then they were

rinsed in PBS (pH 7.4), containing 0.2% Triton X-100 and 0.1% bovine

serum albumin and incubated with normal goat serum for 30 min. The

primary antibodies were rabbit polyclonal immunoglobulin raised against

D-Asp (Inst. Bas. Med. Sci., Oslo), or human P450 aromatase (Biogenesis,

719100). They were poured on sections and incubated in a humid chamber

for 24 h at 4 �C at dilutions of 1:800 and 1:1000, respectively. A secondary

antiserum raised in goat and, thereafter, a PAP complex was applied on

sections for 30 min at room temperature. The sites of the immunoreactive

reactions were visualized using a H2O2 activated solution of 3,3-diamino-

benzidine tetrahydrochloride in Tris buffer (10 mg in 15 ml). Sections were

lightly counterstained with hematoxylin in order to visualize the structural

details.

The immunocytochemical reaction for estradiol receptors was carried

out using the Abbott ER-ICA monoclonal test (Abbott spa, Rome, Italy).

The specificity of immunohistochemical reactions was checked by in-

cubating sections with primary antisera previously absorbed with an

excess of the relative antigens. Such sections resulted always unstained.

All sections were observed by means of a Leitz Laborlux microscope

equipped for reflected fluorescence. FITC was visualized by a filter set

containing a 450–490 nm band pass excitation filter and a 515=20 nm band

pass barrier filter. Photographs were taken using Kodak 64 Iso film for

normal light and Kodak 1600 Iso technical Pan b=w film for fluorescent

light.

Quantitative determination of testicular D-Asp

Testis samples were homogenized with 0.5 M perchloric acid (PCA) in a

1:10 ratio and centrifuged at 30,000g for 20 min. Supernatants were

brought to pH 7.5–8.5 by the addition of 5 M KOH, cooled for 30 min

at 0 �C, and the potassium perchlorate precipitate was removed by cen-

trifugation. Supernatants were adjusted to a pH of about 2.5 with 1 M

HCl, and the amino acids were purified on a cation exchange column (AG

50W-X8 resin, hydrogen ionic form, 200–400 mesh, Bio-Rad). Samples

were loaded on columns (1� 3 cm) equilibrated with 0.01 M HCl, and

after a washing with 10 ml 0.01 M HCl, the amino acids were eluted with

8 ml of 4 M NH4OH. The elutes were dried by evaporation in small Petri

dishes on a hot plate at 40–50 �C under a hood. The dry elutes were

dissolved in 1 ml of 0.01 M HCl. They were then purified by slowly

passing them by means of a syringe through on a Sep-pak C-18 cartridge

(300 mg; Waters, Milan, Italy) which had been previously activated with

methanol or acetonitrile and washed with distilled water. In order to

recover all the amino acids from these elutes, the cartridge was eluted

two times with 2 ml of 0.01 M HCl. The combined elutes of each column

were either dried using a Savant centrifuge or left to evaporate in small

Petri dishes at 40–50 �C under the hood. The dry residues were then

dissolved in 200ml 0.01 M HCl and analyzed for D-Asp content, using

the assay procedure previously described by Di Fiore et al. (1998b). A

standard curve was obtained by applying the enzymatic method to D-Asp

solutions of known concentrations.

Measurement of aromatase activity

Aromatase activity was measured by evaluating the in vitro conversion

rate of testosterone to 17b-estradiol performed by acetone powder

extracts of fresh tissue, as previously reported (Di Fiore et al.,

1998a). Acetone powder was prepared by homogenizing testis samples

with cold acetone (1:3 w=v), and the suspension was centrifuged at

3000 g for 10 min. The extraction was repeated three times. The pellets

were freed of acetone traces under a nitrogen flow and stored at �20 �C
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until use. The testicular extract was suspended in Krebs-Ringer nutri-

ent medium (1:1 w=v), supplemented with antibiotics (penicillin 50

IU=l, streptomycin 50 IU=l and nistatin 100 IU=l). Different tests were

performed using increasing concentrations of testosterone (0–35 mM)

with or without D-Asp (0–75 mM) at different incubation times

(0–3 h). Preliminary tests were performed to ascertain the better incu-

bation temperature and time. On the basis of these results, an incuba-

tion of 1 h at 37 �C was chosen for all subsequent experiments. Usually

one mL of the testicular extract suspension was distributed in each well

of a multi-well plate. To the first set of wells were added increasing

amounts of testosterone (0–35 mM) dissolved in 100 ml of NADPH

solution (3 mg=ml). A parallel set received, in addition, D-Asp

(0–75 mM) dissolved in 100 ml of physiological saline solution (0.7%

NaCl, pH 7.4). A third set contained only the sample suspension and

saline (100 ml). The suspensions were incubated, in a shaking bath, as

reported before and then rapidly frozen. The well contents were

then extracted three times with ether. Solvents were pooled and air

dried. Determination of 17b-estradiol was carried out on the residues

using an enzyme immunoassay kits (EIA) (Biochem Immuno Sys-

tems). The following limits of detection were observed for 17b-estra-

diol: sensitivity 6 pg, intra-assay variability 5.3%, inter-assay variabil-

ity 7.5%.

Determination of proteins

The protein content was determined according to the method of Lowry

et al. (1951), using BSA as a standard.

Statistical analysis

Data of biochemical assays were analysed by a one way ANOVA

method followed by Duncans’ multi-range test. Values were expressed

as mean � SE. Kinetics was analysed using linear regression analysis.

Results

In the testes of the examined boars (six adults), active

spermatogenesis was going on in seminiferous tubules.

As generally described in the morphology of boar male

gonads, numerous Leydig cell were dispersed in clusters

between seminiferous tubules where they were readily

distinguishable from other interstitial cellular components

because of their larger size, polygonal shape and a bulky,

round central nucleus.

Figure 1A shows the results of an immunoreactivity test

(IR) for aromatase. A positive reaction is localized mainly

in Leydig cells. Figure 1B shows the IR for D-Asp. IR

positive substances are localized in the majority of Leydig

cells, and, in addition, in several spermatogonia, and in

peritubular and in Sertoli cells. It is evident that in Leydig

cells immunoreactive substances are present both in the

nucleus and in the cytoplasm. On the contrary, the few

positive spermatogonia show immunoreactivity localized

in the cytoplasm. D-Asp IR was also detected in rare

peritubular cells and in the irregular cytoplasmic profile

of the Sertoli cells. Figure 1C shows that estradiol recep-

tor (ER) immunoreactivity was mainly found in numerous

nuclei of the Leydig cells.

The biochemical determination of D-Asp indicated that

the amino acid content in the boar mature testis was

40 � 3.6 nmol=g of fresh tissue.

The upper panel of Fig. 2 reports the results of aro-

matase activity evaluated in vitro in presence of increasing

amounts of testosterone substrate (1.4 to 7.0 mM), of a

Fig. 1. Sections from boar testis. Immunoreactivity to aromatase enzyme

in the cytoplasm of the clustered Leydig cells and in isolated germ cells

(A); D-Asp immunoreactive materials in: the cytoplasm of the clustered

and isolated Leydig cells, in peritubular cells, in Sertoli cells, tipically

elongated and irregular in shape, in reactive spermatogonia (B); ER

immunoreactivity in nuclei of Leydig cells (C). Original magnification:

�510
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fixed amount of D-Asp (50 mM) and boar testis extract.

In controls, devoid of D-Asp, as expected, the enzyme

activity increases linearly as testosterone concentration

increases (1.4 to 7.0 mM), whereas in wells with added

D-Asp, the aromatase activity depended on substrate

concentration. It is evident that 17b-estradiol production

occurred at a higher rate when substrate was 3.5 and

7.0 mM ( p<0.01 versus respective control), becom-

ing enhanced 2 times at testosterone saturating point

(7.0 mM).

The middle panel of Fig. 2 reports the aromatase activ-

ity in presence of increasing amounts of testosterone

substrate (A) and D-Asp (B). The aromatase activity

was evaluated on the basis of 17b-estradiol production

coming from exogenous testosterone (0–35 mM) conver-

sion (A). In response to increasing concentrations of tes-

tosterone, there was a linear increase of 17b-estradiol

production in the range of 0–7.0 mM. For this reason

the 7.0 mM testosterone concentration was chosen to

evaluate the effects of D-Asp on aromatase activity. As

shown in Fig. 2B, the addition of increasing amounts of

D-Asp (0–75 mM) to incubation wells caused a dose-

related increase of aromatase activity in the range of

0–50 mM.

Fig. 2. Upper panel: effect of increasing concentrations of testosterone (1.4–7.0mM) on boar

testis aromatase activity in the presence or absence of 50 mM D-Asp. Each value represents the

mean � SD of 5 determinations. �p<0.01 versus respective controls. Middle panels: dose-

related effects on boar testis aromatase activity. A Effects of increasing concentrations of

testosterone. B Effects of increasing concentrations of D-Asp evaluated at saturating concen-

tration of testosterone (7mM). Each value represents the mean � SD of 5 determinations.

Lower panel: linear regression analysis (Michaelis-Menten plot) of aromatase activity in

presence or absence of D-Asp. [S]¼Substrate concentration (testosterone)
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The lower panel of Fig. 2 shows Michaelis-Menten

plots analysed using linear regression analysis. Similar

Km values very found: 24.80 nM for control and

24.85 nM for D-Asp, respectively.

Discussion

The purpose of this study has been primarily to get

information on the involvement of D-aspartic acid

(D-Asp) on estrogen synthesis in mammalian testis. It

is well established that in several mammals the gonad

produces, besides testosterone, some variable amounts of

estrogens, which, according to aromatase distribution,

are synthesized primarily in Leydig and, to a lesser

extent, in Sertoli and germ cells (Brodie and Inkster,

1993; Nitta et al., 1993; Raeside et al., 1993; Tsubota

et al., 1993; Carreau et al., 1999; Carreau, 2001). In

adult testis, moreover, estrogen receptors (ER a and b)

have been localized mainly in Leydig, but also in Sertoli

and germ cells, proposing these cells as putative estro-

gen targets (Saunders et al., 1998; Mowa and Iwanaga,

2001; Zhou et al., 2002). Our immunoreactive tests (IR)

for ER localization in boar testis confirm the ER locali-

zation in the nuclei of many Leydig cells. The role of

estrogens in the physiology of male gonad, however, is

still debated, although it has been supposed that in

mature testis this steroid can impair Leydig cell andro-

gen production, intervenes in the regulation of fluid re-

absorption in efferent ducts (Hess, 2000) and operates

as potent germ cell survival factors (Pentikainen et al.,

2000).

In mammalian male gonad, Leydig cells, and to a

lesser extent, Sertoli and germ cells have been found

to express the cytochrome P450 aromatase, which con-

verts testosterone into 17b-estradiol. As Leydig cell con-

cerns, the enzyme has been demonstrated in rat (Brodie

and Inkster, 1993), horse (Eisenhauer et al., 1994), adult

ram (Bilinska et al., 1997; Schmalz and Bilinska, 1998),

the bank vole (Bilinska et al., 2000), pig (Conley et al.,

1996), and in the cultured rat Leydig cells (Levallet

et al., 1998). Moreover, it has been proposed that the

aromatase activity is under the control of modulators

both at trascriptional and post-trascriptional levels

(Genissel et al., 2001). In boar testis, the majority of

Leydig cells express aromatase immunoreactivity, con-

firming the previous observations which indicate that the

Leydig cells are one of the main sources of estrogens in

the testis. This aspect is particularly evident in the boar

testis, which is characterized by a relatively abundant

interstitial tissue and a sustained estrogen production

(Raeside et al., 1993; Conley et al., 1996; Saez et al.,

1989).

D-Asp is an usual component of many animal tissues,

including the gonads, where this amino acid level gen-

erally increases along with the physiologically activity

(Di Fiore et al., 1998b; Assisi et al., 2001; Raucci et al.,

2004, 2005). In rat testis, D-Asp immunoreactivity has

been noticed in Leydig and Sertoli cells (D’Aniello

et al., 1996) and in germ cells (Sakai et al., 1998). In

several mammalian species, moreover, D-Asp enhances,

in vivo and in vitro, testosterone production by the gonad,

a property which has assigned to this amino acid a role as

a local regulatory agent of steroid synthesis (D’Aniello

et al., 1996, 1998b; Nagata et al., 1999a). These findings

are consistent with the results of our biochemical and

immunohistochemical studies, since the boar testis has

been shown to contain D-Asp in amounts similar to that

registered in other mammalian testis and this amino

acid, according to immunohistochemical tests, is present

mainly in Leydig cells. In addition to its stimulatory effect

on testosterone production, D-Asp has been proposed to

intervene also on 17b-estradiol synthesis in the ovary.

Recent studies carried out on the ovary of several lower

Vertebrate species, in fact, indicate that D-Asp stimulates

the local aromatase activity (Di Fiore et al., 1998b; Assisi

et al., 2001).

In boar testis, the localization of D-Asp-IR and

P450arom-IR into many Leydig cells, and, moreover,

the results of the in vitro experiments support the hypoth-

esis that D-Asp, as in the ovary, induces 17b-estradiol

synthesis. In fact, our results showed that the 17b-estra-

diol production by testicular tissue samples depended on

testosterone substrate and was enhanced by D-Asp. This

effect was higher at substrate saturation point when the

increase of 17b-estradiol production was two times

greater than in the controls. Furthermore, our study of

aromatase catalytic properties, using linear Michaelis-

Menten plots, showed that, although the enzyme activity

rate was higher in presence of D-Asp, its Km values was

very similar in control and D-Asp added samples, sug-

gesting that the D-Asp effect is performed on the same

enzyme species.

These findings on boar testis, therefore, suggest a local

intervention by D-Asp on aromatase activity and the

related 17b-estradiol production, in addition to the well

documented effect on androgen production. At present,

the mechanism of action of D-Asp on aromatase remains

unknown. However, since an ex novo synthesis of the

enzyme in in vitro experiments seems untenable, it should

be hypothesized the existence of a cytoplasmatic control
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system of aromatase activity, which can be influenced by

D-Asp. It is not known, moreover, if this mechanism is

similar to that operating in D-Asp-dependent androgen

synthesis which involves a regulatory protein which inter-

venes in some of the first steps of steroidogenesis. D-Asp

induces both a de novo synthesis of this protein but also

a post-transcriptional activation of the inactive form

(Nagata et al., 1999b). Future studies will be focused in

order to clarify if similar mechanisms regulated the

effects on aromatase by D-Asp.

In conclusion, our observations suggest that 17b-estra-

diol production by boar Leydig cells is under a complex

control which includes the amino acid D-Asp that op-

erates locally by inducing an enhancement of the aroma-

tase activity, which in turn generates estrogens. The latter

probably increases the presence of estradiol receptors and,

therefore, makes possible a 17b-estradiol local autocrine

effect.
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