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In most mammalian species aromatase is encoded by a single gene (Cyp19), which contains 18
exons, nine of them being translated. In man, the presence of a biologically active aromatase
and oestrogen receptors (ERa and ERb) has been reported in Leydig cells, and also in immature
germ cells and ejaculated spermatozoa. Concerning aromatase, the amount of transcript and enzym-
atic activity are decreased in immotile compared with motile sperm. We have amplified
aromatase mRNA by real-time polymerase chain reaction in spermatozoa from asthenospermic,
teratospermic and asthenoteratospermic men and recorded, respectively, 44, 52 and 67 per cent
decreases of the amount of transcripts compared with fertile donors. A high degree of correlation
(r ¼ 20.64) between the abnormal spermatozoa (especially microcephaly and acrosome malform-
ations) and aromatase/GAPDH transcript ratio has been observed. Idiopathic infertility is a wide
health problem and no treatment is currently available. In humans, even if the role of oestrogens
in spermatogenesis is still a matter of debate, the observations of decreased sperm number and
motility in men genetically deficient in aromatase, together with our data and those reported in
the literature, may suggest a role for aromatase/oestrogens not only during the development and
maintenance of spermatogenesis but also in the final maturation of spermatozoa.
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1. INTRODUCTION
In mammals, oestrogens have for a long time been
considered as a specific female hormone. However,
since Zondek’s work more than 70 years ago dealing
with the presence of oestrogenic hormone in stallion
urine (Zondek 1934), the relevance of oestrogens in
the male gonad has been increasingly documented
(see reviews by Carreau et al. 1999, 2008; Hess
2003; Akingbemi 2005). The androgen/oestrogen
balance is essential for normal sexual development
and reproduction in mammals. In the testis, the main-
tenance of this balance is fine tuned via endocrine and
paracrine factors, but is also related to aromatase
activity (see reviews by Saez 1994; Carreau et al.
2003). Aromatase that catalyses androgen conversion
into oestrogens is a product of a single gene called
Cyp19 (see reviews by Simpson et al. 1994; Conley &
Hinshelwood 2001). Besides the negative effect exerted
by oestrogens on the secretion of gonadotrophins, it
has become apparent that oestrogens do play an impor-
tant physiological role in men, especially after the
discoveries of patients genetically deficient in aromatase
(see reviews by Rochira et al. 2005 and Jones et al.
2007). In addition, decreased sperm counts and
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increased male reproductive tract disorders (cryptorch-
idism, hypospadia and testicular cancer) in men have
been described and these pathologies have been
observed mainly after exposure to endocrine disruptors
with either oestrogenic or anti-androgenic actions
(Toppari et al. 1996; Skakkebaek 2004). The localiz-
ation of aromatase within mammalian testicular cells
has been a subject of interest and controversies for a
long time (Carreau 2007). Certainly the testis produces
oestrogens, and the role of these hormones in male
reproduction is being extensively studied in numerous
mammals, including primates, taking into account the
existence of specific receptors (ERa and ERb) that
are present throughout the genital tract (see reviews
by Hess 2003; Carreau et al. 2006).
2. THE AROMATASE COMPLEX
The aromatase complex is composed of two proteins: a
ubiquitous NADPH-cytochrome P450 reductase and
a specific cytochrome P450 aromatase (P450arom),
which contains the haem and steroid binding pocket.
P450arom is the product of a single gene located
on chromosome 15q21.1 called Cyp19, which belongs
to the cytochrome P450 gene family that contains
more than 500 members. The Cyp19 gene is more
than 120 kb in length of which 30 kb represents the
coding region with nine exons and an additional
larger region (nine untranslated exons I) starting at
This journal is q 2010 The Royal Society
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the 50 end. Cyp19 gene expression is regulated by tissue-
specific promoters producing alternate 50-untranslated
exons I that are then spliced onto a common 30-splice
acceptor site in exon II, upstream of the translation
start site (see reviews by O’Donnell et al. 2001;
Sebastian et al. 2002). Even though there is generation
of Cyp19 variants with different 50UTRs, the coding
sequences are identical and give rise to a unique protein
in humans.
3. AROMATASE AND OESTROGEN RECEPTORS
IN HUMAN TESTICULAR CELLS
(a) Aromatase expression

In humans, Leydig cells (Payne et al. 1976) and Sertoli
cells produce oestrogens (Foucault et al. 1992; see
Carreau 1996, 2007 for reviews) and spermatozoa
can metabolize pregnenolone into oestrogens
(Gunasegaram et al. 1995). Taking into account the
presence of aromatase in rodent testis and the prob-
able role of oestrogens in spermatogenesis (see
Carreau et al. 1999 and Hess 2003 for reviews), we
have checked the expression of aromatase in motile
and immotile spermatozoa from healthy donors and
studied the relevance of this protein to sperm quality
(motility and survival). To rule out the possibility of
any contamination by residual cells (germ cells and/
or polynuclear cells), the liquefied semen samples
were fractionated on a discontinuous Puresperm gradi-
ent; after centrifugation, high motile (greater than
90%) and low motile spermatozoa (less than 30%)
were collected. Human granulosa cells (positive control
for aromatase) were obtained from human follicular
fluid at the in vitro fertilization (IVF) centre (CHRU
Clemenceau-Caen). The quality of the sperm cell
preparations was carefully analysed to eliminate any
contamination of samples by leukocytes (by checking
for the presence of CD45 transcript) and by Sertoli
cells (by checking for the presence of Sertoli cell
factor mRNA). All samples containing detectable
levels of these transcripts were eliminated; conversely,
the presence of c-kit transcript in round cells was used
as a positive control for the presence of germ cells
(Lambard et al. 2004a,b). In addition, since no infor-
mation was available on the source(s) of oestrogens in
immature human germ cells (mainly in spermatocytes
and round spermatids), we used semen samples with
more than 20 per cent of round cells (selected on the
47.5% layer of the Puresperm gradient) to examine by
real-time polymerization chain reaction (RT-PCR) the
putative expression of Cyp19.

In all samples studied individually, we have demon-
strated the presence of aromatase mRNA (Lambard et al.
2003; see review by Galeraud-Denis et al. 2007), which
is in agreement with other reports (Aquila et al. 2002;
Rago et al. 2003). In immotile sperm, the amount of
P450arom transcripts was 30 per cent lower than in
motile samples; indeed, aromatase activity was higher
in the motile fraction compared with immotile sperma-
tozoa (Lambard et al. 2004b). In immature germ cells
of these healthy donors, we also detected the presence
aromatase transcripts (Lambard et al. 2004a). The
sequence analyses of the polymerase chain reaction
(PCR) products obtained were identical to each
Phil. Trans. R. Soc. B (2010)
other and more than 98 per cent identical to the
published sequence of human P450arom (Lambard
et al. 2003). Using Western blots and a specific mono-
clonal antibody against a highly conserved region of
aromatase, we have evidenced the presence of aroma-
tase in both immature germ cells and ejaculated sperm
cells, the protein being more abundant in spermatozoa
containing cytoplasmic droplets. To better character-
ize the aromatase, we looked for the protein in
microsomes obtained from crude germ cells and granu-
losa cells. Two bands were observed: a strong one
at 53 kDa and a light one at 49 kDa, which were
also present in spermatozoa; the predominant form
was the 49 kDa band. The proteins obtained from
granulosa cells and spermatozoa were deglycosylated;
only the motility of aromatase in granulosa cells was
slightly modified yielding a 49 kDa protein (Lambard &
Carreau 2005). Our data are in agreement with
those of Turner et al. (2002) who immunolocalized
aromatase in cytoplasm surrounding elongated sper-
matids in man, and with those of Rago et al. (2003)
demonstrating aromatase in the cytoplasmic droplets
of ejaculated human spermatozoa.

More recently, we analysed aromatase expression
by RT-PCR in spermatozoa of asthenospermic, tera-
tospermic and asthenoteratospermic patients from
Tunisia (Dr A. Saad, Hospital F Hached-Sousse).
The amount of transcripts as compared with controls
were decreased by 44, 52 and 67 per cent, respectively
(Galeraud-Denis et al. 2007; Said et al. in press). It is
noteworthy that a twofold decrease in the amount of
aromatase transcripts has also been observed in a
group of infertile men from Poland (Jedrzejczak et al.
2006).

The most recent data collected were obtained using
a confocal microscopy approach. Accordingly, two
immunoreactive sites for aromatase have been demon-
strated (Galeraud-Denis et al. 2007): one in the tail in
which an intensive staining was observed as expected,
and the second one corresponding to a tight but com-
pact highly fluorescent zone of the head (equatorial
region/upper postacrosomal region; figure 1). Our pre-
liminary results in teratospermic patients showed a
high degree of correlation (r ¼ 20.64) between the
aromatase/GAPDH mRNAs and the percentage of
abnormal spermatozoa. More interesting may be the
negative correlation (r ¼ 20.56) observed between
that ratio and head malformations (microcephaly or
acrosome malformations) rather than with tail defects
(r ¼ 20.42). From studies of a small group of terato-
spermic men, it appears that annular aromatase
(equatorial localization) is twofold less than in normo-
spermic men.

Concerning the epididymal regions, Rago et al.
(2003) and Carpino et al. (2007) have immunoloca-
lized aromatase in the epithelial cells of human
efferent ducts and in the proximal caput epididymis,
suggesting an additional source of oestrogens in the
male genital tract. Harada et al. (1993) have reported
the existence of aromatase in prostate, which was
recently confirmed by Ellem et al. (2004).

In the Rhesus monkey, it has been reported that
testis and to a lesser extent epididymis contained
two P450arom transcripts, of which one is truncated
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Figure 1. Localization of aromatase in ejaculated human spermatozoa using confocal microscopy. CD 46: specific marker of
inner acrosomal membrane; chromatin is localized with DAPI and the aromatase is revealed by a polyclonal antibody. Specific

antibodies targeted to specific markers of either the acrosome (CD46), or nucleus (DAPI) or mid-piece (Mitotracker Green) or
tail (Tubulin) have been used.
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(Pereyra-Martinez et al. 2001). In addition, these
authors reported that the aromatase activity was iden-
tical in testis and caput epididymis. Nevertheless,
together these data show that epididymal regions are
able to aromatize androgens into oestrogens.
(b) Oestrogen receptors

Oestrogens interact with oestrogen receptors (ERs),
members of the nuclear receptor superfamily, which
in turn modulate the expression of target genes (see
Heldring et al. 2007 for review). The physiological
role of oestrogens (via the classical genomic pathway)
in male reproduction has been extensively reanalysed
taking into account the presence of two ERs (ERa

and ERb) in most testicular cells and throughout the
genital tract (see O’Donnell et al. 2001, Saunders
et al. 2001 and Carreau et al. 2006 for reviews). In
addition, a relevant role for oestrogens has recently
been demonstrated via rapid membrane interactions
leading to new signalling pathways (see Luconi et al.
2004, Watson et al. 2007 and Prossnitz et al. 2008
for reviews).

In immature germ cells and spermatozoa of healthy
men, we have reported the presence of ERs, not only
full length but also some variants (see Lambard &
Phil. Trans. R. Soc. B (2010)
Carreau 2005 for review). In immature testicular
cells several transcripts of ERa were observed, the
wild type and a smaller one which corresponds to
the ERa isoform lacking exon IV; in addition, we
have detected another transcript corresponding to
the exon I-deleted variant as described previously
(Flouriot et al. 2000). Concerning ERb mRNAs, the
full-length and shorter isoforms were demonstrated
in germ cells; the corresponding ER proteins were
observed on Western blots using specific antibodies
(Lambard et al. 2004a,b).

Regarding spermatozoa, even though the transcripts
of ERa and ERb were demonstrated, we were only
able to show the presence of an ERa protein of
46 kDa corresponding to the isoform that lacks
exon I; this variant could be located on the membrane
and involved in rapid signalling as demonstrated in
endothelial cells (Figtree et al. 2003). Aquila et al.
(2004) and Solakidi et al. (2005) have reported the
presence of ERa and ERb proteins in human ejacu-
lated spermatozoa, with some discrepancies on their
respective localization. It is obvious that either the
presence or the absence of these ER isoforms
(table 1) in male primates is likely to be related to the
various antibodies used as well as to the origin and
quality of the tissues. In addition, the development of
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Table 1. Transcripts of aromatase and wild-type ERs in human testicular cells and genital tract. n.d., not determined; þ,

positive; 2, negative.

cells aromatase ERa ERb

Leydig þ(Carreau et al. 2003,

2008)

þ(Pelletier & El-Alfy 2000) þ(Pelletier & El-Alfy 2000)

peritubular n.d. 2(Pelletier & El-Alfy 2000; Saunders
et al. 2001)

þ(Saunders et al. 2001)

Sertoli þ(Carreau et al. 2003,
2008)

2(Pelletier & El-Alfy 2000; Saunders
et al. 2001)

þ(Pelletier & El-Alfy 2000; Saunders
et al. 2001)

spermatogonia n.d. 2(Saunders et al. 2001) þ(Makinen et al. 2001; Saunders et al.
2001)

spermatocyte þ(Lambard et al. 2003;
Lambard & Carreau

2005)

þ(Pentikaı̈nen et al. 2000; Lambard
et al. 2003; Lambard & Carreau

2005)

þ(Pentikaı̈nen et al. 2000; Makinen
et al. 2001; Saunders et al. 2001;

Lambard et al. 2003; Lambard &
Carreau 2005)

spermatid þ(Lambard et al. 2003;
Lambard & Carreau
2005)

þ(Pentikaı̈nen et al. 2000; Lambard
et al. 2003; Lambard & Carreau
2005)

þ(Pentikaı̈nen et al. 2000; Makinen
et al. 2001; Saunders et al. 2001;
Lambard et al. 2003; Lambard &

Carreau 2005)
spermatozoa þ(Aquila et al. 2002;

Lambard et al. 2003;
Lambard & Carreau
2005)

þ(Durkee et al. 1998; Aquila et al.
2002; Lambard et al. 2003;
Lambard & Carreau 2005;
Solakidi et al. 2005)

þ(Aquila et al. 2002; Lambard et al.
2003; Lambard & Carreau 2005;
Solakidi et al. 2005)
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the male gonad could interfere with the cellular distri-
bution of these ERs (review by Hess & Carnes 2004).
Moreover, numerous spliced variants of ERb have
been detected in human testicular cells (Aschim et al.
2004). Therefore for human seminiferous tubules
there are controversial data (table 1) indicating either
the absence (Pelletier & El-Alfy 2000) or the presence
of ERa and ERb (Pentikaı̈nen et al. 2000; Makinen
et al. 2001; Saunders et al. 2001, 2002). It is of note
that Cheng et al. (1981) were the first to show a specific
binding of oestradiol to human sperm; it was only in
1998 that Durkee et al. demonstrated the presence of
ERa in human spermatozoa, data that were later con-
firmed by Luconi et al. (2006). It is also clear that
ERs (mainly ERb) are present in ductules, seminal
vesicles (Saunders et al. 2001) as well as in the prostate
(see reviews by Ellem et al. 2004; Ellem & Risbridger
2007). To summarize (table 1), it is obvious that ERs
are widespread in the male genital tract, but still more
data are necessary to clarify their roles, especially
when taking into account either the presence or absence
of ERa and ERb in the various cell types.
4. OESTROGENS AND HUMAN REPRODUCTION
The presence of aromatase and ERs in most of
the testicular cells has been demonstrated in several
mammals, amongst them humans (see reviews of
Carreau et al. 2008, 2009). Berensztein et al. (2006)
have immunolocalized aromatase and ERb in gono-
cytes and spermatogonia in newborn and infantile
testes, but the role of oestrogens in that developing
gonad remains to be clarified. In addition, the exist-
ence of ERb isoforms in human testicular cells has
been reported but their specific functions have not
been fully elucidated even though a putative relation-
ship between ERb polymorphisms and infertility has
been suggested (Aschim et al. 2005).
Phil. Trans. R. Soc. B (2010)
What is more interesting is the demonstration of a
source and target of oestrogens in ejaculated sperma-
tozoa (Carreau et al. 2007). Even though
spermatozoa are considered to be biologically inert
cells that transfer the paternal genome into the oocyte,
the presence of mRNAs (see Naz 1998, Dadoune
et al. 2005 and Dadoune 2009 for reviews) and their
potential roles in spermatozoa are still controversial
(see Martins & Krawetz 2005, Miller et al. 2005 and
Galeraud-Denis et al. 2007 for review). But numerous
data suggest that both transcriptional and translational
activities could occur in the mitochondria of these
haploid cells (Gur & Breibart 2006; Oliva 2006).
Nevertheless, the role of oestrogens in man, especially
in the reproductive function, is becoming more obvious
after the report by Smith et al. (1994) concerning a
man with a non-functional ERa and several reports
relating to men deficient in aromatase (see review by
Rochira et al. 2005). Aromatase deficiency is rather
rare in men (seven cases published to date) and occurs
following mutations in the Cyp19 gene; for example,
in exons V and IX, which are critical for catalytic
activity and androgen binding, respectively, with the
resulting protein showing an absence of biological
activity and thus very low (or nil) levels of oestrogens
in the blood. One of the most dramatic effects
recorded on aromatase mutation is on exon IV,
which is critical for aromatase function and thus
leads to the total absence of enzyme activity (Maffei
et al. 2007). All together four exons (IV, V, IX and
X) are required for the full biological activity of the
protein, as is also observed in the rat aromatase
gene (Levallet et al. 1998).

From a testicular biopsy of one of these aromatase-
deficient adult men, it was reported by Maffei et al.
(2007) that spermatogenesis varied from normal in some
seminiferous tubules to highly reduced (hyposperm-
atogenesis) in most of the others, therefore suggesting
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Figure 2. Putative role(s) of oestrogens in the male gamete.
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a decrease in germ cell number as observed in
ArKO mice which lead to infertility at the age of
1 year (O’Donnell et al. 2001). The last (eighth case)
patient described by Carani’s group (Lanfranco et al.
2008) showed moderate alterations of sperm par-
ameters (asthenoteratospermia) that did not return
to normal after oestradiol treatment; a cryptorchidism
history was recorded, as is frequently the case for the
aromatase-deficient men described (Pura et al. 2003;
Maffei et al. 2004; see Rochira et al. 2005 and Jones
et al. 2007 for reviews).

But what is also very interesting is that these
aromatase-deficient patients with variable degrees of
fertility disorder provided additional information
on the roles of oestrogens because they were studied
in adulthood. Carani et al. (1997) were the first to
report a tall stature with linear growth and the absence
of epiphyseal closure, which is the main reason leading
these patients to consult a specialist physician. It is of
note that these men have normal or subnormal levels
of gonadotrophins and testosterone (Rochira et al.
2005); in addition to these symptoms, most have
problems concerning lipid and glucose metabolism
without obvious cause (see Jones et al. 2006 and Zirilli
et al. 2008 for reviews).

It is important to mention that the human sperm-
atozoa produce oestrogens (Gunasegaram et al.
1995) and indeed they express a functional aromatase
that is still active after ejaculation (Lambard & Carreau
2005); together with the presence of ERs (Aquila et al.
2004; Luconi et al. 2004; Solakidi et al. 2005), these
data open new considerations about the role of
oestrogens all along the male genital tract and likely
also regarding sperm mobility and fertilization ability.
Indeed, Fraser et al. (2006) have demonstrated that
either oestradiol or a phytoestrogen (genistein)
Phil. Trans. R. Soc. B (2010)
improves the capacitation and acrosome loss of
human spermatozoa. It is also relevant to mention
that more than 30 years ago it was reported that
(i) there was a correlation between the amount of
oestrogens in the seminal plasma and fertility and (ii)
incubation of spermatozoa with oestradiol improves
their motility (see review by Carreau et al. 1999).
Besides the positive effects of oestrogens on human
spermatogenesis, it has also been shown that aroma-
tase inhibitors significantly improve the number and
quality of spermatozoa of infertile men with a
decreased blood testosterone/oestradiol ratio (Raman &
Schlegel 2002). Concerning anti-oestrogen treatment
of idiopathic male infertility, several studies have been
realized with either tamoxifen or clomiphene with no
significant effects on sperm parameters recorded (see
Liu & Handelsman 2003 for review).

Therefore, the effects of oestrogens on human
ejaculated spermatozoa are becoming increasingly
obvious: besides the classical genomic effects, mem-
brane ERs are connected with numerous signal
transduction pathways involving rapid responses (see
Luconi et al. 2004 for review), among them cAMP/
PKA/AKAP (Muratori et al. 2008), nitric oxide
(Herrero & Gagnon 2001), the MEK pathway, cal-
cium channel and a calcium/calmodulin complex, all
known to be concerned with sperm mobility and capa-
citation (see Revelli et al. 1998 for review). Aquila et al.
(2004) have also shown a rapid membrane effect of
oestrogens that in turn activate the PI3K/AKT path-
way in the human ejaculated spermatozoa (figure 2).
5. FUTURE DEVELOPMENTS
From knock out studies in mice and data reported
concerning aromatase-deficient men, the oestrogen
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effects on spermatogenesis and spermiogenesis are
clearly different (Grumbach & Auchus 1999); how-
ever, the role of oestrogens in male reproduction is
becoming more obvious taking into account the exist-
ence of specific receptors all along the genital tract (see
review of Jones et al. 2007). Indeed, it is absolutely
clear that oestrogen therapy is really beneficial for
these men deficient in aromatase (Carani et al. 1997;
Maffei et al. 2007). In humans, aromatase is constitu-
tively expressed not only in Leydig cells and Sertoli
cells but also in germ cells, whatever the stage of devel-
opment. Even though the requirement of oestrogens
for spermatogenesis is not completely understood
(not enough studies, more patients required, the
complexity of oestrogen roles) beside its role in
gonadotrophin control (Rochira et al. 2006), it is obvious
that men with an aromatase deficiency or oestrogen
resistance have altered (or abnormal) spermatogenesis.

The absence of semen analyses of course detracts
from the final conclusion on sperm number and qual-
ity and thus on the putative fertility of these patients.
Nevertheless, in these patients a decrease in sperm
motility is recorded and we have a significant decrease
of aromatase in immotile spermatozoa, which could
suggest that aromatase/oestrogens are involved in the
acquisition of sperm motility. Besides a relevant phys-
iological role for these female hormones, it is also well
known that excess oestrogens are very deleterious for
testicular function. Indeed, Leydig cell tumours in
which enhanced oestradiol production is recorded
together with the presence of ERs lead to excess cell
proliferation (Carpino et al. 2007). Seminoma cells
express aromatase and a rapid membrane oestrogen
effect as well as genomic ERs have been reported
(Roger et al. 2005; Bouskine et al. 2008). In addition,
it is well known that testicular germ cell tumours
produce high amounts of oestrogens that induce a
decrease in sperm motility and significant alterations
in spermatogenesis (Nakazumi et al. 1996).

Whatever our knowledge of the role of oestrogens in
male physiology, it is increasing, and at least as far as
oestrogens are concerned in male gamete maturation,
not only the existence of oestrogen sources but also
the presence of ERs in immature germ cells and
ejaculated sperm have been clearly demonstrated,
therefore suggesting a potential role of oestrogens in
the latter steps of sperm maturation (capacitation
and/or acrosome reaction). Taking into account this
new role of oestrogens (even if oestrogen-related
genes are not yet elucidated), it will also be conceiva-
ble to develop some targeted pharmacological drugs
for male contraception (figure 2). The presence of
aromatase transcripts could be a marker of male
gamete quality, and the existence of two sites of aroma-
tase could be related to the implication of the oestrogens
in motility and acrosome reaction. In addition, since
aromatase, ERs and a recently described androgen
receptor (Aquila et al. 2007) are simultaneously present
in spermatozoa, a putative autocrine and/or intracrine
role for oestradiol is suggested. At least oestrogens
could play a role if we considered the presence of
ERs in the mitochondria (Chen et al. 2007), a tremen-
dously important organelle in the mid-piece of the
spermatozoa. Finally, we would also draw attention
Phil. Trans. R. Soc. B (2010)
to GPR30 (a transmembrane intracellular ER) that
induces rapid mobilization of calcium in the cytoplasm
(Prossnitz et al. 2008) and obviously would be of great
interest for sperm activation before acrosome reaction.

Male fertility is decreasing in western countries and
thus it is a society problem; consequently, extensive
and comparative studies of mRNA maps in ejaculated
spermatozoa from fertile and infertile men may con-
tribute to a better understanding of the various
aspects of male gamete maturation throughout the
genital tract.

We are greatly indebted to our collaborators (Drs Lambard,
de Vienne, Said, Saad and Chocat). All these works have
been supported by funding from the French Ministry of
Education and Research, a Polonium grant and the Région
Basse-Normandie.
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