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1. ABSTRACT

Aromatase converts irreversibly androgens into
estrogens and is present in the endoplasmic reticulum of
various cells of mammalian testes ; at least in rodents, all
testicular cells except peritubular cells express aromatase.
In testis, high affinity estrogen receptors, ERa and/or ER,
together with a membrane rapid effect recently described,
mediate the effects of estrogens. From the experimental
models, in vitro studies and data collected in patients, it is
now demonstrated that estrogens play an important role in
the testis of vertebrates. At least it is supported by the
widespread distribution of estrogen receptors in the
testicular cells and the simultaneous presence of a
biologically active aromatase in all germ cells (especially
in meiotic and post-meiotic stages). Thus the role of
estrogens (intracrine, autocrine and / or paracrine) in
spermatogenesis (proliferation, apoptosis, survival and
maturation) and more generally, in male reproduction is
now evidenced, and much more complex than previously
predicted.

2. INTRODUCTION : “ESTROGENS IN TESTIS” A
NEW CONCEPT

The mammalian testis serves two main
functions: the synthesis and secretion of steroid hormones,
and the production of spermatozoa, which are controlled
by gonadotrophins and testosterone together with
numerous factors produced locally (1), among them
estrogens (reviews 2,3). More than 70 years ago, Zondek
(4) discovers an estrogenic compound in the stallion urine,
but it’s only 30 years later that evidences have been
published showing that human testes synthesize and
secrete estrogens (5) which was confirmed later by Hendry
et al.(6) demonstrating the testicular source of estrogens in
men. Indeed in mammals the presence of large quantities
of estrogens in the rete testis fluid and in the spermatic
vein was reported (review 7).

Even though, the presence of estrogens in the
testis is well documented, unlike androgens the role of
estrogens in the physiology of the male reproductive tract
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has not been fully understood and thus is extensively
revisited (reviews 8,9). New considerations for a
functional role of estrogens in male was the development
of estrogen receptor alpha knockout mouse (ERaKO) by
Lubahn et al/ (10) and for review Couse and Korach (11)
and of mice lacking a functional aromatase by Fisher et al
(12) and for review Jones et al (13). In addition the
widespread presence of the two ERs (alpha and beta) in all
testicular cells as well as in the male genital tract has been
extensively demonstrated (reviews 3, 13-16).

Moreover the discovery of mutations in either
human estrogen receptor alpha (17) or aromatase (review
18) genes has reinforced the idea that estrogens do play an
important role, as a potent modulator of the male
reproduction. So, a balance between androgens and
estrogens regulated by aromatase seems to be essential for
normal testicular physiology and reproduction. Therefore a
revision of our knowledge on the testicular cell expression
of aromatase and of estrogen receptors (ERs) together with
their isoforms and the newborn GPR30 has been
undertaken with a view to highlight their roles in male
germ cell proliferation and maturation. In that review we
will focus on the estrogen effects in spermatogenesis of
some mammals, mainly rodents, having in mind the recent
data related to the effect of these female hormones in
human testicular functions.

3. AROMATASE AND ESTROGEN SOURCES IN
TESTICULAR CELLS

3.1. Cyp19 gene

In testes the aromatase localized in the
endoplasmic  reticulum catalyzes irreversibly the
transformation of androgens into estrogens. That
enzymatic complex is composed of two proteins: an
ubiquitous and non-specific NADPH-cytochrome P450
reductase and the regulated cytochrome P450 aromatase,
which contains the heme and the steroid binding pocket
specific for the estrogen biosynthesis. In humans, the
aromatase is the product of a unique Cyp19 gene of 123 kb
length, located on the long arm of chromosome 15 in the
q21.2 region. This gene contains a coding region of 9
exons plus 11 untranslated exons I used according to the
characteristics of tissues (signaling pathway specific of the
cell type). The Cypl9 gene expression is regulated by
tissue-specific ~ promoters producing alternate 5’-
untranslated exons I that are then spliced onto a common
3’-splice acceptor site localized upstream of the translation
start site of the exon II (reviews 19-20). Eventhough there
is generation of Cyp19 variants with different 5’UTRs, the
coding sequences are identical and a unique protein of 55
kDa is produced (21).

In mouse, the Cypl9 gene (on chromosome 9)
contains 10 putative promoters whom 5 are used in testis
(22-23). In the male rat gonad, we have evidenced that at
least 3 promoters (24) direct the expression of the
aromatase gene (on chromosome 8) : the promoter PII
which is the the main one used in testicular cells (25), the
promoter PLf, first characterized as a brain promoter (26)
and the promoter PL.tr which is specific of the rat and used

only in testis (24) Recently we have discovered two
additional promoters used also in rat testis (unpublished
data). As a matter of fact, we have reported the existence
of various transcripts in rat germ cells different by the 3'
region deleted of exon 9 coding for the heme-binding
region and then unable to code for a functional aromatase
(27) and their amounts is quite high (especially in
pachytene spermatocytes). Whatever these promoters are
used differentially according to age in the testis and thus
control very tightly the amount of transcripts coding for
aromatase and thus the amount of estrogens produced
(review 3).

3.2. Source of estrogens in testicular cells

In the mammalian testis it is well known that
estrogens are produced by the Leydig cells (review 28).
However as reported by Simpson et al (29) it is difficult to
find a tissue without aromatase. Indeed numerous studies
have been undertaken to search for other source of
estrogens in the testicular cells and it was claimed that in
the rat, Sertoli cells are the major source in the immature
animals although Leydig cells synthesize estrogens in the
adults (30). In seminiferous epithelium when Sertoli cells
stopped to express aromatase partially under the negative
control of germ cells (31-32) these cells become an
important source of estrogens. Nitta et a/ (33) were the
first to demonstrate that the adult mouse germ cells
express a functional aromatase and that the amount of
estradiol produced is equivalent to that of Leydig cells.
After that the testicular source (s) of estrogens in several
mammals including rodents, bear, pig, horse and primates
have been revisited (reviews 2, 9, 16, 34-36).

Despite the great number of data published in
different species the precise localization of aromatase has
been subject of debates. Some of the variations observed
between immunohistolocalization and enzyme activity in
cell cultures would be related to the absence of endocrine
and/or paracrine regulation such as after in vivo germ cell
depletion or lack of cell-cell contacts in culture dishes
37).

In our laboratory we have demonstrated that
adult rat germ cells represent an other source of estrogens:
the levels of P450arom transcripts are two-fold higher in
pachytene spermatocytes than in spermatids (38), but it is
reversed for the aromatase activity and confirmed by a
strong positive staining of aromatase in elongated
spermatids (review 3). It is noteworthy that all testicular
cells express aromatase except peritubular-myoid cells and
in spermatogonia, preleptotene spermatocytes Cypl9 is
present (Silandre et al/, 2007). Taking into account that the
amount of aromatase transcript is very low in the adult rat
Sertoli cells (39) and that the aromatase is negatively
controlled by germ cells (31-32), we have calculated that
the aromatase activity in germ cells represents more than
50% of that of the whole testis. As a consequence since the
germ cell source of estrogens is equivalent to that from
Leydig cells a very tight control of the aromatase
expression/activity should be exerted to avoid excess of
estrogens which are very deleterious for spermatogenesis
when produced in large quantity as in seminoma (40-41).
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The report of Lambard et al (42) were in fitting with those
of Janulis et al (43) who have clearly shown that the
aromatase is localized in the cytoplasmic droplet of
spermatozoa. Moreover the existence of aromatase
transcripts in the epithelial cells of the rat epididymis has
been reported (44).

In the bank vole, a seasonal breeder, aromatase
has been described in somatic cells as well as in germ cells
(45) and the immunoexpression of the protein is higher in
the breeding season (46). In the boar a unique Leydig cell
source of estrogens has been described (47-48). For the
stallion, the aromatase is more expressed in Leydig cells
(49), even though recent data are in favor for an additional
source in germ cells (50-51) still need to be confirmed in
vitro on purified cells. In black bear (52), bison (53) and
deer (54) aromatase has been detected both in somatic and
germ cells.

In the Rhesus monkey, testis and to a lesser
extent, epididymis contains P450arom transcripts (55). In
humans besides Leydig cells (56) Sertoli cells are able to
synthesize estradiol (57) and aromatase is expressed in
immature germ cells (58) as well as in ejaculated
spermatozoa (36, 42, 59-60).The ability of human
ejaculated spermatozoa to transform androgens into
estrogens is now obvious even if the aromatase activity is
weak (42), we have evidenced the presence of protein on
western blots with a slightly lower molecular weight (49
kDa) than the aromatase of granulosa cells (53 kDa); in
addition, the intensity of the signal is greater in the
spermatozoa containing cytoplasmic droplets (59). The
presence of aromatase has been shown by
immunohistochemistry in the epithelial cells of the efferent
ducts and of the caput epididymis in man (61).

4. ESTROGEN RECEPTORS

In order to exert a biological effect, testicular
estrogens should interact with estrogen receptors which in
turn can modulate the transcription of target genes.
Therefore considering the presence of at least two main
types of ERs in most of the testicular cells the
physiological role of estrogens in male reproduction has
been extensively revisited. In addition the demonstration
of rapid membrane effect has provided new developments
about the role of estrogens in male gamete maturation
(review 3)

4.1. Estrogen receptors (ERs) alpha and beta and their
isoforms

Genomic effects of estrogens are mediated by
nuclear estrogen receptors (ER) o and p which are both
expressed in testicular cells of several species (review 3).
However, data concerning their localization in adult rat
testis are not consistent. Indeed, ERo has been
immunodetected only in Leydig cells by Fisher et al. (62)
and by Saunders et al. (63) but was also revealed in the
seminiferous compartment by Pelletier et al (64). About
ERP, all studies are in agreement concerning its
localization in seminiferous tubules but data are in conflict
regarding to its presence in germ cells. While Saunders et

al (63) found ER beta in Sertoli cells and in different germ
cell types (A spermatogonia, pachytene spermatocytes and
round spermatids), van Pelt et al (65) and Pelletier et al
(64) localized ERP only in Sertoli cells. ERo mRNAs have
been found in Leydig cells (66), Sertoli cells (unpublished
data) and germ cells (Pelletier et al, 2000 ; our unpublished
data). ERB mRNA has been revealed in Sertoli cells and
spermatocytes (67) while others retrieved them also in A
spermatogonia, round spermatids (65) and Leydig cells (our
unpublished data). It is of note that the presence of ERs
either at transcript or protein level has never been observed
in peritubular cells (62-68). Two in-frame deletions of the
ERa (ERa-04 and ERa-35,6) with the full-length form have
been reported in the testis (69). This deletion occurring in
DNA and in hormone binding domains suggested a
modification of receptor activity. However, using a specific
antibody directed against the C-terminal region of the ERa
protein, only the full-length form was detected by Chimento et
al (70) in the whole adult rat testis and in purified germ cells
as reported in immature rat Sertoli cells (71). Regarding
ER, four different mRNAs have been retrieved in the rat
testis (our unpublished data) but only one protein is
detected in the male rat gonad (70-72). The presence of
ERs in testicular cells of human is well documented (73;
review 9). It was speculated that the cells most susceptible
to modulation by estrogenic ligands are round spermatids in
which levels of ERp are high (74). In addition to the full length
receptor ER, six variants have been identified in the testis and
their different localization suggest specific functions in
spermatogenesis (75). Both types of ERs (a and f3) have been
identified in isolated immature germ cells of men: the full
length protein ERa (66 kDa) and one isoform lacking the exon
1 (46 kDa) whereas in mature spermatozoa, only the 46 kDa
band was observed. For ERp, two proteins which correspond
to a long (60 kDa) and short (50 kDa) forms have been
detected in germ cells whereas only the PCR product was
found in spermatozoa (58). However, the presence of ERa
and ERP in the human ejaculated spermatozoa has been
demonstrated (76-77).

4.2. GPR30 and rapid signalling

Estrogens can also exert effects called “non
genomic” by activating signaling pathways from the
membrane. The G protein-coupled receptor (GPR30), a
seven transmembrane receptor (7TMR) seems to be
implicated in these rapid effect of estrogens.
Immunohistochemical analysis in murine tissue shows that
GPR30 is found in the male reproductive tract, including
testes, epididymis, vas deferens, and seminal vesicles as
well as the prostate (review 78). GPR30 expression was
also demonstrated in a mouse spermatogonial cell line GC-
1 (79) and in rat pachytene spermatocytes (70). In GC-1
cell line, it was demonstrated that GPR30 activation by its
specific agonist G1 induces the activation of the ERK
cascade, an up-regulation of the cyclin D1 expression and
proliferation (79). The use of the specific agonist G1, like
addition of 17p-estradiol leads to phosphorylation of
ERK1/2 and c-jun, after 30 minutes incubation (70), these
effects are associated with a reduction of cyclin Al
expression and an increase of Bax mRNA levels, factors
implicated in the meiotic progression and the control of
apoptosis.
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5- ROLE OF ESTROGENS IN SPERMATOGENESIS

5.1. Data from invalidation and surexpression of
aromatase and estrogen receptors in mice

Several experimental models of mice have been
developed and shown to be helpful to clarify the role of
estrogens in testes of vertebrates (review 8). There is
evidence from estrogen receptor o gene knock out
(ERKOa) mouse that estrogens are necessary for the
achievement of fertility (11). Animals that lack a
functionnal Esr/ gene are sterile and sperm recovered from
the cauda epididymis exhibits a low percent motility, beat
less vigorously and are ineffective at in vitro fertilization.
Howewer, this infertility is not due to a primary defect in
spermatozoa since the transplantation of Esr/KO germ
cells into a wild-type reproductive tract yield normal
offspring (80-81). Recent studies show that the Esr/KO
epididymis fails to properly acidify the luminal milieu, due
to defects in the expression of specific acid/base regulators.
This leads to defects in sperm intracellular pH and motility
that can be partially rescued by bypassing the consequences
of the abnormal epididymal milieu (82). In a companion
paper Joseph et al (83) report that ERaKO spermatozoa
have two distinct morphological defects, an increased
propensity for spontaneous acrosome reactions and severe
flagellar coiling. These defects appear to be at least partly
due to the decreased osmolarity of the ERoKO luminal
environment because when ERaKO sperm are incubated in
a more wild-type-like osmotic environment of high-pH and
low osmolarity, the proportion of straight sperm flagella are
significantly reduced. Together the results indicate that the
defect in flagellar coiling of Esr/KO sperm is not intrinsic
to the axoneme, but is rather a consequence of development
within an abnormal microenvironment.

The last model of ERBKO (84) in contrary of the
first models developed displays a sterility in male. In these
mice, authors show the absence of alternative splicing
transcripts of ERB. The males are sterile but the initial
cause is unknown because testis and epididymis histology
are normal and their spermatozoa appeared normally
mobile (84).

The male mice deficient in aromatase (ArKO)
develop normally and the genital tract is anatomically in
the control range when compared to the wild-type. The
males are able to sire and to produce litters; however
starting from the age of 5 months onwards some of ArKO
males start to have failures of spermatogenesis and by the
age of one year all males develop abnormal
spermatogenesis with a blocage of germ cell maturation at
the spermatid stage i.e there is a 50% decrease of both the
number of round and elongated spermatid together with an
increase of apoptotic features when compared to the wild-
type animal (85).

Conversely the overexpression of aromatase
(AROM+) in mice (86-87) induces Leydig cell hyperplasia
associated with abnormal spermatogenesis following an
excess of endogenous estrogens. However an age-related
effect has been reported and infertility of 100% of males
occurs when overexpression was performed during fetal

life but only in 50% of mice when it was realized during
puberty (review 88).

The estrogen role in the testis has been
enlightened recently via an other model in which an
association of ERoKO mice with mice having mutations
either in the DNA-binding domain (89) or in the ligand-
binding domain of ERa (90) have been developed. The
absence of ligand binding demonstrates that both estrogen-
independent and dependent signaling pathways are
concerned in the male germ cell development and final
maturation of sperm cells (90).

GPR30 has been identified in a variety of human
and rodent estrogen target tissues (91) including the testis
(92). Immunocytochemical studies have identified the
intracellular localization of GPR30 in the endoplasmic
reticulum, Golgi apparatus (93) and plasma membrane
(94). Recent studies demonstrated that GPR30 is expressed
in mouse testes and in a GC-1 spermatogonia mouse cell
line leading to a control of mouse cell proliferation by
estradiol (79). In our study (70) we demonstrated that
GPR30 is expressed in adult rat pachytene spermatocytes
and that estrogens through both GPR30 and ERa are able to
activate the rapid EGFR/ERK/c-jun signaling cascade,
which in turn triggers an apoptotic mitochondrial pathway
involving an increase in Bax expression and a concomitant
reduction of cyclin Al and Bl levels These genes are
involved in the balance between cellular proliferation and
apoptosis and it is indeed well known that before
diffrentiation a number of pachytene spermatocytes die
(95). In an other study in round spermatids of adult rat we
have shown that the rapid membrane effect of estradiol is
also efficient in controlling apoptosis and maturation /
differentiation of these haploid germ cells (Chimento et al,
submitted). Our data are likely in agreement with the
studies performed in ERKO mice (especially ERapKO)
which phenotype is different from ArKO and thus, a
residual ER activity via other pathways should be
considered.

Keeping in mind that these germ cells (PS and
RS) are equipped with both a functional aromatase and ERs
(rapid and genomic pathways) , the estrogen-regulated
genes would be interesting to study. In GPR30 knock out
mice it has been claimed that GPR30 is not concerned (96)
since both male and female are fertile; however no data on
spermatogensis are available and as suggested by Levin
(97) a coordinated effect of estrogen via GPR30 and ERa
should be taken into account.

5.2. Estrogens and germ cells development

At least in rodents, spermatogenesis is in part
under estrogens control, i.e the stem germ cell number and
the spermatid maturation (98); moreover estradiol
enhances recovery of spermatogonia after irradiation of rat
testis (99). Neonatal administration of estrogens to male
rat induces an increase of the number of spermatogonia at
day 16 of life (100). In the immature bank vole, exposure
to low dose of estradiol leads to an acceleration of the
onset of spermatogenesis which is blocked by the injection
of the antiestrogen ICI 182,780 (101). An improvement of
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the recrudescence of spermatogenesis in estradiol treated
rodents has been reported (102-103). However, exposure
of the adult male rat to a high phytoestrogen diet disrupts
spermatogenesis by increasing germ cell apoptosis (104).
Conversely endogenous estradiol inhibits the gonocytes
development in mice (105). It is obvious that according to
species, the estrogen effects are different even opposite if
we consider the gonocytes proliferation (review 106). In
addition D’Souza et a/ (107) have demonstrated that the
spermatid elongation (steps 8 to 19) is androgen dependant
whereas the differentiation of round spermatid (steps 1 to
6) is under estrogen control. That is also supported by a
significant decrease of round and elongated spermatids
numbers but not of spermatogonia and spermatocytes in
ArKO mice which thus is in favor for a positive and / or
survival role of estrogens in spermatids (85). Moreover the
abnormal acrosome development in the ArKO mouse
suggests that acrosome formation could be an estrogen
dependent process (85) which is supported by high levels
of aromatase in the Golgi of the developing spermatids
(33) as well as by the presence of estrogen receptors in
these germ cells (reviews 3, 8; our unpublished data).

Moreover treatment of adult monkey with an
aromatase inhibitor suggest that estrogens are important
for spermatid differentiation (108). In a recent work, a
positive effects of estrogens on germ cell development in
the fetal testis of baboon has been reported (109).

In addition we have demonstrated that estrogens
or phytoestrogens delay testicular damage during aging in
male rat, probably via their antioxidant role against the
reactive oxygen species (110).

Aromatase and ERs have been demonstrated in
most of the testicular cells in humans (review 36). Indeed
Beck et al (111) and Idaomar ef al (112) have described a
positive role of estrogens for improving the human sperm
motility. It has been reported that estradiol is a
survival/antiapoptotic factor for human germ cells in vitro
(73). Berensztein et al (113) have immunolocalized
aromatase and ERP in gonocytes and spermatogonia in
newborn and infantile testes but the role of estrogens in
that developing gonad remain to be clarified.

So the role of oestrogens in man especially in the
reproductive function is becoming more obvious especially
after the publication of Smith et a/ (17) concerning a man
with a non-functional ERa and several reports (eight today)
related to men deficient in aromatase (reviews 13, 18).
What wais significant when a biopsy was performed (114)
is the great variation of spermatogenesis efficiency between
seminiferous tubules (some of them having a full germ cell
development whereas other tubules are empty or
hypospermatogenetic) has already obeserved in ArKO mice
(review 115).

The excess estrogen syndrome in man has been
recently reviewed (116) : only few families have been
studied and all male patients exibit an early puberty and
gynaecomastia  associated with an  hypogonadism
consecutive to low gonadotropins after the overexpression

of aromatase in numerous tissues leading to increased
levels of estrogens.

In addition in human seminomas, excess of
estrogens induces alteration of spermatogenesis (40), as
observed in AROM+ mice (review 88). Seminoma cells are
able to respond to estrogens via a membrane ER and thus
these hormones contribute to human testicular germ cell
proliferation (117) as observed in the mouse GC-1 cell line
(79).

6. CONCLUSIONS AND PERSPECTIVES

Besides a well-known negative feedback of
estrogens on the hypothalamus-hypohysis complex, it has
become more obvious that testicular estrogens could play a
role locally in the gonad, especially after the data obtained
either from patients genetically deficient in aromatase
(review 018) and from the ArKO or ERa KO mice (review
3). Moreover decreased sperm counts and increased male
reproductive tract disorders (cryptorchidism, hypospadia,
testicular cancer) in men have been published and a
deleterious effect of endocrine disruptors suggested (118-119).
Therefore agents able to mimic estrogens can alter the role of
endogenous hormone leading to impairment of male gamete
development. The non-genomic effect of estrogens confirms a
new basis for understanding the estrogenic control of
spermatogenesis and evaluating the role of exposure to
endocrine  disruptors  (xenoestrogens) during malignant
transformation of testicular germ cells.

The main question is related to rat or mouse which
are poor models to analyze the mechanisms concerned by
estrogens in human male fertility (quality of spermatogenesis)
since in the null mice the direct role of estrogens is not
clarified suggesting therefore that estrogen-dependent and
independent as well as rapid membrane effect should be taken
into account (97, 120). On male rodent germ cells the
existence of both membrane and genomic effects of estrogens
have been demonstrated (70, 79) with a special emphasis on
proliferation, apoptotic and survival genes.

Today it is clear that not only testicular somatic
cells but also germ cells represent an additional source of
estrogens in several species of mammals including man.
Germ cells (both meiotic and post-meiotic cells) do not
only produce estrogens but since they contain estrogen
receptors that would explain part of the role (intracrine and
/ or paracrine) of estrogens in male germ cell development
(review 3).

Furthermore one should kept in mind that not
only rodent spermatozoa but ejaculated human
spermatozoa express a functional aromatase (review 60)
and together with ERs these data open new considerations
about the role of estrogens all along the male genital tract
as well as in sperm functions.
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