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Abstract A proper balance between androgen and

oestrogen is fundamental for normal male reproductive

development and function in both animals and humans.

This balance is governed by the cytochrome P450 aro-

matase, which is expressed also under spatio-temporal

control. Oestrogen receptors ERa and/or ERb, together

with the membrane-associated G-protein-coupled func-

tional ER (GPER), mediate the effects of oestrogen in the

testis. Oestrogen action in male reproduction is more

complex than previously predicted. The androgen/oestro-

gen balance and its regulation in the masculinisation

programming window (MPW) during foetal life is the most

critical period for the development of the male reproduc-

tive system. If this balance is impaired during the MPW,

the male reproductive system may be negatively affected.

Recent data from genetically modified mice and human

infertile patients have shown that oestrogens may promote

the engulfment of live Leydig cells by macrophages lead-

ing to male infertility. We also discuss recent data on

environmental oestrogen exposure in men and rodents,

where a rodent–human distinction is crucial and analyse

some aspects of male fertility potentially related to

impaired oestrogen/androgen balance.
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Introduction

Androgen plays an important role in masculinization and

the determination of male fertility. The notion ‘‘androgen

maketh a man’’ has long been established. Without this

hormonal action, genetic males would become phenotypi-

cally infertile females. Unlike androgens, oestrogen action

in males has long been accepted as having a minor role in

gonadotropin secretion from the pituitary. The generation

of the oestrogen receptor a knockout mouse (aERKO) [1],
the aromatase knockout mouse (ArKO) [2] as well as the

discovery of mutations in human aromatase [3], and the

identification of ERa-deficient male patients [4] have

broadened our understanding of oestrogen action, particu-

larly in male reproduction [5].

Typically, androgens can be converted into oestrogens,

thus the proposed concept that androgen and oestrogen

represent opposite sides of the same coin [6] is rational and

valid. The balance between androgen and oestrogen that is

required for normal male reproductive development is

regulated by cytochrome P450 aromatase (P450arom, the

product of the CYP19A1 gene). Any change in this balance

may disturb the normal development and function of the

male genital tract and may translate into a wide range of

urogenital disorders, which can affect normal fertility. In

this review, we will not discuss the fundamental functions

and molecular actions of androgens and androgen receptor

(AR) on male reproduction, as these topics have been
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extensively reviewed elsewhere [7]. We will concentrate

on the molecular effects of oestrogen, the nuclear ERa and

ERb, the different ERa and ERb splice variants, membrane

bound G-protein-coupled functional ER (GPER) [8], and

the multiple cellular signalling pathways that regulate the

oestrogen/androgen balance (Fig. 1).

In recent years, exposure to environmental oestrogen-

like chemicals (also termed endocrine disruptive com-

pounds, EDCs) has been proposed to be associated with

poor semen quality and male reproductive tract disorders,

including cryptorchidism, hypospadias and testicular can-

cer [9–11]. EDCs seem to mimic the oestrogen effects

(through oestrogen receptor a/b) in males. Due to variable

results from individual investigations, pharmacological

doses of EDCs used in experiments, perhaps varying

quality of antibodies in immunohistochemical studies, and

above all the major differences in endocrinology between

humans and rodents, etc. make the exact effects of EDCs

on the parameters of male reproduction still debatable [12].

Based on these studies, many questions have arisen

regarding the specific contribution of oestrogen action on

testicular development and disease. A growing body of

evidence indicates that masculinization is a pivotal event in

the development of a phenotypic male and that masculin-

ization depends on the adequate production of testosterone

(T) by the foetal testis within the specific ‘‘masculinisation

programming window’’ (MPW) [13].

Last year, we reported a novel finding that excess

oestrogens may promote the engulfment of live testicular

Leydig cells by adjacent macrophages in infertile men as

well as in genetically modified transgenic mice overex-

pressing aromatase [14]. In this review, we will focus on

the recent research from our laboratory and other groups’

on oestrogen activity and the effects of an impaired

oestrogen/androgen ratio on the male reproductive system,

both in experimental animal models and human clinical

studies.

Aromatase and its expression in males

Aromatase and its promoters

The balance between androgens and oestrogens is governed

by cytochrome P450 aromatase within the endoplasmic

reticulum of cells. P450 aromatase is responsible for cat-

alysing the series of reactions that lead to the irreversible

conversion of C19 androgenic substrates (T and

androstenedione) into C18 oestrogens (oestradiol and oes-

trone) (reviewed in [5]). Therefore, aromatase enzyme

activity affects both androgen metabolism and oestrogen

production. The human CYP19A1 gene contains a coding

region that spans 9 exons, starting at exon II, and is

expressed in various tissue types within the body [5]. The

expression of CYP19A1 in different locations in humans is

regulated by at least 11 different tissue-specific promoters

that are situated upstream of a series of 11 alternative 50

untranslated first exons [5, 15] (Fig. 2). Of the 11 non-

coding exons, promoter II is the main one utilized in the

testis and ovary for the expression of the CYP19A1 gene in

humans [5]. The expression of promoter II starts as early as

week 13 and ceases at week 35 during embryonic devel-

opment [16]. In particular, exon 1.4 seems to play a critical

role in the regulation of oestrogen biosynthesis in males

because this exon contains the major promoter for extra-

gonadal tissues [5]. Regardless of the expression

Fig. 1 The balance of androgen

and oestrogen
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localization and the different 50UTR CYP19A1 variants,

each transcript generates a highly conserved 55 kDa aro-

matase protein [17]. Thus, the spatio-temporal expression

of CYP19A1 is critical for the maintenance of the oestro-

gen/androgen balance during foetal and postnatal

development.

Aromatase expression in testis

As Simpson et al. suggested, it is difficult to find a tissue

without CYP19A1 expression [18]; its expression has been

detected along the entire male urogenital track. To ensure

the subsequent normal differentiation and growth of all

male reproductive organs, sufficient androgen exposure in

the male foetus must occur within the MPW in rodents [13,

19]. This proposed foetal MPW in rodents is similar to that

in human males [20]. Deficient androgen exposure during

this critical foetal MPW can result in decreased mas-

culinisation of the urogenital tract, an increased risk of

hypospadias and cryptorchidism, low sperm production,

and lower T levels [13, 19].

Human and rodent studies have demonstrated that

foetal Leydig cells are responsible for foetal and neonatal

masculinisation [21]. The foetal testis becomes steroido-

genically active around week 6 of gestation [22]. High

expression levels of StAR and CYP11A1 have been

observed in foetal testis at 15–19 weeks of gestation,

whereas the expression of CYP19A1 is much lower than

that of the two rate-limiting enzymes for de novo

steroidogenesis in human foetal testis during gestational

weeks 15–19 [23]. Moreover, CYP19A1 is localized in the

cytoplasm of both interstitial and intratubular cells of the

foetal testis at weeks 13–14 of life [16]. CYP19A1

expression increases gradually, peaks by weeks 17–18, and

starts to decrease thereafter. CYP19A1 expression nearly

completely ceases at 35 weeks [16].

Concomitantly, the oestrogen wave parallels the intrat-

esticular T wave (starts at week 9 and continues until week

20), with a slight delay during the MPW. The androgen-

dependent phase of testis descent into the scrotum occurs

during weeks 27–35 of human gestation [24, 25]. This fine-

tuned regulation of androgen/oestrogen action suggests that

direct autocrine and paracrine effects of locally produced

oestrogens on the human foetal testis regulate the oestro-

gen-mediated activation of testis development during

weeks 13–35 of foetal life [24]. The concurrent high

expression of aromatase suggests significant local oestro-

gen production via the aromatization of the elevated

quantity of available androgenic precursors. T enhances

CYP19A1 gene expression in Leydig and germ cells [26].

This window of aromatase expression suggests direct or

indirect regulation of this enzyme by T in the CYP19A1

[18] promoter region.

CYP19A1 is expressed in adult testes, and the majority

of oestrogen biosynthesis takes place mainly in the Leydig

cells, whereas CYP19A1 is not present in the peritubular

myoid cells [24, 27, 28] or spermatogonia [29]. CYP19A1

expression has been observed in different stages of germ

cell development (pachytene spermatocytes; round, elon-

gating and elongated spermatids; and spermatozoa), in all

somatic cells within the adult testis, and in spermatozoa in

the mammalian epididymis [30, 31]. Based on these

Fig. 2 Genomic organization

of human CYP19A gene. Open

boxes aromatase exon Is. Closed

box aromatase exons II–X

encoding the open reading

frame (a modified graph from

[110])
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reports, one could speculate that stem-like cell types, such

as peritubular and spermatogonia, may programme their

own protective mechanism against the deleterious effects

of oestrogen action and thereby support the self-renewal of

interstitial and germ cells.

Although some seasonal breeding species exhibit a

switch in CYP19A1 localization during the breeding per-

iod, CYP19A1 can be detected by immunostaining in many

testicular cell types [32]. Moreover, Aquila et al. reported

that human spermatozoa contain active aromatase after

ejaculation [33]. In addition, Lambard et al. demonstrated

that CYP19A1 mRNA levels and aromatase activity were

30–50 % higher in the motile fraction compared with the

immotile fraction of spermatozoa [34, 35]. Although the

physiological relevance of oestrogen synthesis in sperma-

tozoa remains to be elucidated, the data encourage an

investigation of the function of aromatase in male fertility.

ER molecular signalling pathways

ER molecular action

Oestrogen elicits its molecular actions via several signalling

pathways [36–39]. Classically, oestrogens diffuse into a cell

and bind to nuclear ERs, thus forming an oestrogen–ER

complex. After crossing the nuclear membrane, this oestro-

gen–ER complex binds to consensus oestrogen response

elements (EREs) or non-consensus EREs directly or indi-

rectly via protein–protein interactions in the promoter region

of oestrogen-responsive genes, which results in the recruit-

ment of co-regulatory proteins (such as coactivators or co-

repressors) to the promoter that regulate gene expression and

associated protein production, leading to a physiological

response. This classical, or ‘‘genomic’’, mechanism usually

occurs over the course of hours.

Oestrogens can act more rapidly via ‘‘non-genomic’’

mechanisms through ERs located in or adjacent to the

plasma membrane or by other non-ER plasma membrane-

associated oestrogen-binding proteins that induce cellular

responses, such as increased levels of Ca2? or NO and

kinase cascade activation. It has been accepted that acti-

vation of GPERs via cross-talk with peptide growth factors,

such as epidermal growth factor (EGF) and/or insulin-like

growth factor-1 (IGF-1), may increase the expression of

oestrogen-responsive genes [37]. In addition, membrane-

associated ERs, or GPERs, mediate the rapid biological

effects of oestrogens via a non-genomic pathway; this may

regulate gene expression via the activation of kinase signal

transduction pathways that regulate target transcription

factors [40–42]. Moreover, ERs can be targets of the

mitogen-activated protein kinase (MAPK) signalling

pathway [43], which may indicate that non-genomic

pathways activated by oestrogens can modulate the func-

tions of ERs themselves [40, 41]. This rapid ‘‘non-

genomic’’ signalling occurs within seconds.

Structure and function of ERs

ERa and ERb and their isoforms

There are three known ERs that mediate all oestrogenic

effects. The first identified and well-described ERa was

cloned in 1986 [44]. The second ER, ERb, is less well

characterized; ERb was cloned in the rat prostate in 1996

[45] GPER was first proposed to be involved in oestrogen

signalling in 2000 [46]. ERa has at least three different

isoforms, and ERb has at least five different isoforms.

Unlike full-length ERa, the two shorter ERa isoforms,

ERa36 [47] and ERa46 [48], both lack the N-terminal

DNA-binding domain. Because they have the ability to

heterodimerise with full-length ERa, they can repress ERa
activity. Recent publications have reported that ERa36 also
functions as a membrane-localized ER that can interact

with GPER [49].

Ten different variant mRNA isoforms of the human ERb
gene with deletions in various combinations of exons have

been identified in extracts from human cell lines and tissues

[50]. Both long (59.2 kDa) and short (53.3 and 54.2 kDa)

isoforms [50] of ERb protein have been identified in

humans, and the functional equivalency of these isoforms

was demonstrated in transfection studies [51]. In 1998,

human ERbcx, which is shorter than wild-type ERb and

contains a unique C-terminal stretch of 26 amino acids,

was identified [52]. The four shorter ERb isoforms differ

from full-length ERb predominantly in the ligand-binding

domain, resulting in compromised ligand-binding ability.

Different ERa and ERb isoforms have a very diverse

influence on oestrogen signalling and target gene regula-

tion [53, 54]; for example, some ERb isoforms lack the

ability to bind ligands or coactivators, and certain isoforms

affect ERa/b heterodimerization, hence silencing ERa
signalling. Furthermore, homodimers of ERa and ERb
have been shown to regulate distinct sets of genes from

those regulated by ERa/b heterodimers. These data are

supported by the observation of completely distinct cellular

responses to ER subtype-specific and non-specific agonists.

It has also been suggested that ERb has an inhibitory effect

on ERa-mediated signalling. In some instances, opposite

roles of ERa and ERb have been revealed by differences in

their expression in various tissues and organs [5].

GPER

GPER, a plasma membrane receptor previously known as

orphan G-protein-coupled receptor 30 (GPR30), is
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structurally and genetically unrelated to ERa and ERb. It
is located on the cell surface and responsible for rapid

oestrogen signalling, although certain ERa and ERb
variants have also been associated with the plasma

membrane and non-genomic signalling [53, 54]. GPER

expression and function occur independently of the two

nuclear ERs. It has a high affinity for oestrogens but only

a limited binding capacity, with single oestrogen-binding

sites. Compared with nuclear ERs, its binding affinity for

17b-oestradiol is considerably lower, and the association

and dissociation rates are very rapid, on the order of

minutes. The specificity of GPER for oestrogens is

emphasized by the fact that other steroid hormones

possess very low binding affinities for this receptor

[30, 55, 56].

Localization of ERs and GPER in the male

urogenital track

ERa and ERb expression is localized along the male uro-

genital track [57, 58]. Within the testis, ERa and ERb
expression is highly variable, with differences between

species as well as between individuals within a species

[56]. There are conflicting reports on the immunohisto-

chemical localization and mRNA expression patterns of

these receptors in testicular tissues and cells [59–61]. This

discrepancy could be explained by the use of different

antibodies for immunohistochemical analysis or different

tissue preservation techniques [62]. GPR30 protein

expression is localized in murine tissues along the male

reproductive tract, including in the testes, epididymis, vas

deferens, and seminal vesicles as well as in the prostate

[63]. As there are no reports on GPR30 localization within

the testis, it is of great importance to obtain these data in

the near future.

Testicular phenotype of oestrogen-related
genetically modified male murine models

The development of genetically modified murine models,

such as knockout (KO) or overexpressing models, in the

last decade has significantly increased our knowledge of

ER and oestrogen action. Targeted disruption of ER in

mice revealed the crucial and specific roles of oestrogen

and ER action in male reproduction. The models include

mice lacking functional ERa (aERKO) [64], ERb (bERKO)
[64, 65], both oestrogen receptors (abERKO) [65], or

aromatase (ArKO) [2] as well as knockout models of

AF2ERK1, GPER, EST, or VAMP7 and mice that overex-

press aromatase (AROM? and int-5/aromatase) (please see

below).

Murine models with oestrogen deficiency

aERKO (Esr1-/-) mice

Studies with KO mice have shown that spermatogenesis,

steroidogenesis and fertility are impaired in Esr1-/- and

Esr1-/-/Esr2-/- (aERKO and aERKO/bERKO) mice [64,

65]. aERKO male mice are infertile, and they have a very

low sperm count and significantly decreased sperm motility

with dilated seminiferous tubules compared with WT mice

[66]. A possible explanation for the likely explanation of

the dilated seminiferous tubules could be the significant

decrease in ductal fluid reabsorption-related proteins, such

as sodium-hydrogen exchanger 3 (NHE3/slc9a3) and/or

carbonic anhydrase (car2) [67, 68]. aERKO males have

altered steroidogenic hormone levels, namely, elevated T

or LH levels [66]. It has also been postulated that testicular

spermatogenic cells may not require ERa for development

or function, whereas ERa in somatic cells is pivotal for

spermatogenesis and male fertility [69, 70]. The ERaKO
(Esr1tm1KSK) mouse expresses trace levels of N-terminal

truncated mutant ERa (E1-ERa) [1], which is generated by

non-controlled alternative splicing [71]. Esr1-/- mice with

additional exclusion of exon 3 by the cre-loxP system

(Esr1tm4.2KSK) have identical major phenotypes as the

ERa null strains [66, 72]. It would be important and very

interesting to see more testis-specific, such as Leydig cell-

specific (see below also) and/or peritubular cell-specific,

ERa KO phenotypes in the future. In the mouse, ERa is

expressed in Leydig cells and peritubular cells [64, 65].

Male infertility could possibly stem from spermatogenic

defects in ER knockout mice. In vitro exposure of WT and

aERKO Leydig cells to tamoxifen has no effect on

androgen biosynthesis, although treatment with ICI

182,780 decreases T production in WT, but not in aERKO
Leydig cells. These observations may suggest that ERa
plays regulatory role in Leydig cell steroidogenic function

[73].

bERKO (Esr2-/-) mice

No impaired male phenotypes were found in bERKO
(Esr2-/-) males [64, 65, 74]. bERKO male mice are fertile

and exhibit a similar phenotype as WT littermates [64, 65].

An alternative-splicing transcript that functionally com-

pensates for the lack of full-length ERb could explain the

Esr2-/- phenotype [64, 65]. In another Esr2-/- murine

KO model, generated via Cre/LoxP-mediated excision of

Esr2 exon 3 [75], the mice are infertile despite seemingly

normal spermatogenesis and normal morpho-functional

gonadal characteristics. The specific reason for the infer-

tility in this Esr2-/- mice lacking Esr2 exon 3 is still

Oestrogen action and male fertility: experimental and clinical findings 3919
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unknown [75]. In our opinion, a functional phenotypic

comparison study between these two existing Esr2-/- male

mouse models is eagerly awaited and could be of great

importance.

Double knockout ERa and ERb (abERKO) (Esr1-/-/

Esr2-/-) mice

abERKO [65] mice display a very similar phenotype to

aERKO mice [64]. A plausible explanation for the similar

phenotype between the aERKO and abERKO mice could

be that ERb is most likely unable to compensate for ERa in

the aERKO model.

Tissue-specific ER KO and knock-in mice

Multiple ERa mouse models have been developed using

Cre-loxP technology to produce mice lacking functional

ER in specific cell types or tissues (mainly non-relevant to

the male reproductive system) [76, 77], but very few of

these models have a male phenotype [76]. Mice lacking

ERa in uterine epithelial cells, the UtEpiaERKO mouse

model, did not show a testicular phenotype [76].

AF2ERKI mice Murine models have been made with

deletions of AF-1 or AF-2 (AF-10 and AF-20) or point

mutations in the core AF-2 (AF2ERKI) [78, 79] to eluci-

date the physiological functions of AF-1 and AF-2 of ERa.
The Korach group developed a knock-in mouse model

(AF2ERKI, Esr1tm3.1KSK) that contains two-point

mutations in the AF-2 region, thereby disrupting AF-2-

mediated transactivation [80]. Although the AF2ER mutant

ERa protein is expressed in AF2ERKI mice, the phenotype

of the AF2ERKI males is similar to that of aERKO male

mice, suggesting that AF-2 is necessary for ERa-mediated

physiological responses. It has also been shown that the

selective oestrogen receptor modulator tamoxifen partially

rescues the male phenotype in AF2ERKI males [81]. We

believe that further studies on this AF2ERKI murine model

are needed to determine the different roles of AF-1 and AF-

2 of ERa in oestrogen-regulated tissues and in hormone

responsiveness.

ERaf/f CYP17iCre mice A transgenic mouse line that

expresses iCre under regulation of the cytochrome P450

17a-hydroxylase/17,20-lyase (CYP17) promoter was

developed to obtain a conditional deletion of genes specific

for ovarian theca/interstitial cells and testicular Leydig

cells [77]. In ERaf/f CYP17iCre males, spermatogenesis is

normal, but fertility is decreased at 12 mo. The ERaf/f
CYP17iCre mouse testis has normal seminiferous histology

at 3–16 mo of age, and these mice present with normal T

levels until 12 mo of age; T levels increase significantly at

16 mo of age [82]. In the ERaf/f CYP17iCre mouse testis,

StAR mRNA levels are significantly higher compared with

WT mice at 3–16 mo of age, 17b-HSD3 mRNA levels are

significantly higher at 12 mo of age, and LHR mRNA

levels are significantly higher at 16 mo of age [82]. It

would be of great interest to have a better characterization

of and more experimental functional data on the testicular

phenotype of this ERaf/f CYP17iCre model. Additionally,

data on the response of ERaf/f CYP17iCre males to ICI,

tamoxifen, or aromatase inhibitors or on the in vitro

stimulation of Leydig cells with ERa and ERb agonists and

comparisons of these results with those from aERKO mice

would be very interesting.

GPER knockout mouse

Although it has been reported that GPER may regulate the

proliferative and apoptotic pathways involved in sper-

matogenesis [83], there are no clear developmental or

functional defects in the reproductive organs of GPER-KO

males [84, 85]. By contrast, ERa-KO mice exhibit multiple

reproductive defects, as stated above. Overall, the roles of

GPER in the reproductive system are complex and require

further in-depth investigation, particularly with regard to

human physiology.

ArKO knockout mouse

Two individual groups generated ArKO mice through the

targeted disruption of CYP19A1 [2, 86]. ArKO males are

initially fertile [2], although they show impaired sexual

behaviour, reduced capacity to mount and reduced

mounting frequency [86]. Thereafter, ArKO males develop

progressive infertility until their ability to sire pups is

severely impaired [87, 88]. Spermatogenesis in ArKO

males arrests at 4.5 mo of age. In addition, ArKO males

exhibit significant reductions in the number of round and

elongated spermatids, decreased sperm motility and an

inability of the spermatozoa to fertilize the ova during

in vitro fertilization [89].

Male murine models of excess oestrogen activity

AROM? transgenic mouse

AROM? mice were generated by fusing the human ubiq-

uitin C promoter to the human P450 aromatase gene in the

FVB/N and C57BL6 genetic backgrounds. AROM? male

mice are hypo-androgenic and hyper-oestrogenic [90, 91].

Cryptorchidism occurs in 100 % of FVB/N AROM? male

mice, which are infertile with a significantly reduced tes-

ticular weight [90]. Cryptorchidism is the main

reproductive disorder in C57BL6 AROM? mice; some

3920 X. Li et al.
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lines initially present with normally descended testis, but

progressive inguinal hernia begins at 4 mo [91]. The

AROM? testis exhibits Leydig cell hypertrophy and

hyperplasia; in some instances, Leydig cell adenomas are

present, but no malignant or metastatic tumours were

observed in a follow-up at 15 mo of age [90, 91]. Inter-

estingly, spermatogenesis is disrupted with ageing. At 9

mo, there is a notable reduction in the number of all germ

cell types, and by 15 mo, the seminiferous tubules are

atrophic with only Sertoli cells remaining inside the tubules

[92]. Giant multinucleated macrophages accumulate in the

interstitium of all mice regardless of age, and increase in

number along with ageing [14, 92]. Intratesticular oestra-

diol concentrations also rise with age, and the increased

aromatization parallels the severity of the testicular phe-

notype [14, 92]. Treating rats with oestrogens or

xenoestrogens results in a similar testicular phenotype as

that observed in the AROM? mice [93]. The impaired

testicular phenotype in the AROM? males might not be

exclusively related to cryptorchidism, as males from one

line of AROM? founders in the C57BL6 background are

not cryptorchid; they exhibit normal spermatogenesis and

are infertile after 4 mo of age, and they have identical

testicular pathology as the other founder lines [14]. More

data on AROM? mice regarding male infertility are pre-

sented in ‘‘Novel aspects of oestrogen action in males’’

below (7. Novel aspects of oestrogen action in males),

along with data on human infertile men with excess

oestrogen.

Int-5/aromatase

Another aromatase overexpressing murine model utilizes

the mouse mammary tumour virus promoter (MMTV) [94].

The MMTV promoter is typically activated during puberty.

Int-5/aromatase mice present with normally descended

testes. The serum E2 levels are twofold higher in int-5/

aromatase mice, and the expression of CYP19A1 and ER is

highly upregulated in testicular tissue. Moreover, 50 % of

int-5/aromatase male mice are infertile with larger than

normal testicles compared with age-matched WT mice.

Histological analysis of the testes from these mice revealed

unilateral or bilateral Leydig cell tumours [95]. The authors

suggested that the increased E2 production most likely

induced testicular Leydig cell tumours in the int-5/aro-

matase testes [95, 96].

EST knockout mouse

There is an oestrogen sulfotransferase (EST) KO mouse

model that also reflects the effects of excessive oestrogen

in males [97]. EST KO males are fertile and phenotypically

present with normal testis at 2 mo of age; afterwards, they

develop age-dependent Leydig cell hypertrophy/hyper-

plasia and seminiferous tubule damage with sperm motility

reduced by 80 %, and they produce smaller litters, pre-

sumably due to local oestrogen action [97]. The presence

of numerous hypertrophic or hyperplastic Leydig cells is

accompanied by numerous multinuclear giant yellow cells

within the testicular interstitium. In males aged 12 mo or

older, seminiferous tubule damage is observed in testicular

sections from most EST KO mice [97]. The late onset

testicular abnormalities observed in EST KO males are

identical to those observed in the AROM? testis and may

suggest a role for EST in the male reproductive system.

These similarities further suggest that a ligand transfor-

mation enzyme may modulate the intracrine and paracrine

oestrogen activity even under physiological conditions.

VAMP7 knockout mouse

Based on clinical data from 116 children presenting with

idiopathic cases of 46XY disorders of sexual development,

including cryptorchidism and penile malformation, scien-

tists utilized genomic microarray analysis to identify the

duplication of the SXXq28 region localized in the VAMP

gene that correlates with the above-mentioned disorders

[98]. The authors further generated a bacterial artificial

chromosome (BAC clone) encoding human VAMP7 to

create transgenic mice. This TG VAMP7 mouse model

reproduces the defective urogenital traits found in boys

with masculinization disorders (such as cryptorchidism,

urethral defects and hypospadias), focal spermatogenic

anomalies, diminished sperm motility and subfertility [99].

Mechanistically, upregulated VAMP7 expression enhanced

oestrogen/ER binding and activity by increasing ERa sta-

bility and decreasing protein turnover by perturbing the

ubiquitin–proteasome pathway [99]. Such aberrant

enhanced ER activity in male genitourinary tissues affects

the virilisation of the reproductive tract and may result in

genitourinary birth defects in males.

These above-mentioned murine models have added

highly significant value to the understanding of oestrogen

action in male reproduction (Table 1). It would be of great

interest to determine whether the above-mentioned cellular

effects are the result of direct effects on developing germ

cells or indirect effects through Sertoli cells.

Clinical investigations of oestrogen deficiency
and aromatase excess syndrome in males

Aromatase deficiency

CYP19A1 mutations in patients are rare; there have been

approximately 9 males out of 25 cases reported [3, 100–
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107]. In these patients, oestrogen levels are undetectable,

but normal to high levels of T and gonadotropins are

observed. Although the extra-gonadal clinical features of

this condition are similar among all the cases [62], there are

no consistent findings on the testicular phenotype [108].

Testicular size is variable, and cryptorchidism is evident in

some cases. Due to ethical reasons, it was difficult to

acquire semen samples and testicular biopsies from these

patients with CYP19A1 mutations. Therefore, no solid

conclusions on the effects of aromatase deficiency on

spermatogenesis could be stated. Available data may

indicate that aromatase deficiency is associated with Sertoli

cell only syndrome, hypospermatogenesis, oligospermia,

reduced motility or complete sperm immobility (reviewed

in ref [108]). Qualitative testicular histopathological anal-

yses have revealed that these patients have seminiferous

tubules with a normal appearance [102] or hypotrophic

seminiferous tubules [103]. Whether aromatase deficiency

directly affects male fertility has yet to be determined,

because data on only one aromatase-deficient man have

been published up to date [3]. This reported aromatase-

deficient man does not have any children. Based on the

reported phenotypic observations of ArKO males, it is

highly possible that the reproductive fertility of all aro-

matase-deficient males is severely impaired. Nevertheless,

it would be of considerable importance to follow-up these

clinical patients with CYP19A1 mutation-induced aro-

matase deficiency in the future. An alternative explanation

for the variable testicular/spermatogenic phenotype of

these male patients with inactivating mutations in CYP19

individuals is that they may harbour additional mutations

explaining the phenotype, especially if they are the result

of a consanguineous relationship. This could apply also to

ERa or other human mutants.

ER mutations

Human ER mutations are extremely rare, with only one

male out of two cases reported to date [4, 109]. The patient

had normal male genitalia with bilateral descended testes

and a normal sperm count, but the sperm motility was quite

low (18 % compared with a normal motility of [50 %),

which compromises the sperm quality and suggests

impaired male fertility/subfertility [4].

Aromatase excess syndrome (AEXS)

Aromatase excess syndrome (AEXS), a very rare genetic

disease formerly known as familial gynaecomastia, is char-

acterized by the pre- or peri-pubertal onset of mammary

development in males [110]. Familial gynaecomastia is an

autosomal genetic disease caused by a gain-of-function

mutation in CYP19A1. A sub-chromosomal inversion of

CYP19A1 as a causativemutation ofAEXSwas first reported

in 2003 [111]. To date, 12mutant alleles have been identified

in 15 families composed of 30 affected males [110]. The

clinical features of AEXS have been well documented, and

the phenotype is due to increased aromatization in adipose

tissue and other tissues [111]. AEXS patients exhibit mild to

severe pre- or peri-pubertal onset of gynaecomastia and

small testes but have relatively preserved masculinization.

Notably, 9 out of these patients were over 20 years of age,

and 8 out of these 9 adults presented with normal sper-

matogenesis [110]. Circulating oestrone levelswere elevated

in 17 out of the 18 measured patients. Furthermore, oestra-

diol levels were elevated in only 13 out of 27 patients and

were normal in the remaining 14 patients. This is consistent

with the finding that oestrone, instead of oestradiol, is the

major oestrogen produced in male patients with AEXS.

Circulating androstenedione and T levels were low or sub-

normal for chronological age in more than one-half of the

patients. The oestradiol (pg/ml)/T (ng/ml) ratio, a reflection

of aromatization, was high in many, but not all, patients: the

ratio was[10 in 75 % of the AEXS patients. Patients with

AEXS may show mild hypogonadotropic hypogonadism.

Decreased T levels are consistent among patients of all ages

with AEXS. Testicular volume is subnormal in teens but is

normal in adults and gender identity is not compromised.

Mild oligozoospermia was noted in one patient, but the

fecundity in these patients was normal. Interestingly,

hypospadia or cryptorchidism was not reported in any of

these 30 patients [110].

The MPW is a critical period in both humans and

rodents [112, 113]. Any impairment of androgen activity

during this MPW results in hypospadias or cryptorchidism

and/or abnormal function as well as decreased anogenital

distance (AGD) [114]. Therefore, it is likely that the gain-

of-function of CYP19A1 via promoter regulation is

expressed later than the MPW. Genomic analysis demon-

strated that a 79,156 bp tandem duplication encompasses 7

of the 11 noncoding exon 1 s of CYP19A1 in some fami-

lies. Notably, exon I.4 and I.8 are the major promoters of

CYP19A1 overexpression in these families. In one family, a

211,631 bp deletion in exons 2–43 of DMXL2 and exons

5–10 of GLDN leads to the cryptic usage of DMXL2 exon 1

as an extra-transcriptional start site for CYP19A1 [115].

The most proximal promoter (PII) is almost exclusively

expressed in gonadal tissues, whereas exon I.4, which is

located upstream of PII, is almost exclusively expressed in

adipose tissue. The most upstream promoter (I.8) is

expressed in the placenta (Fig. 2). Considering these

above-mentioned reports, AEXS patients may not serve as
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a suitable model to study the role of oestrogen activity on

male fertility.

Novel aspects of oestrogen action in males

We demonstrated the possible molecular mechanisms

underlying oestrogen-mediated male infertility [14]. E2 or

an increased E2/T ratio not only promotes testicular mac-

rophage activation but also regulates production of growth

arrest-specific 6 (GAS6) and induces phosphatidylserine

(PS) exposure on the surface of LCs in an ERa-dependent
manner. The exposure of PS on the surface of dead, dying,

or aged cells usually is the universal recognition cue for

engulfment by phagocytes [116]. Phagocytes interact with

PS on target cells with high affinity, either directly through

the PS receptor or indirectly through bridging molecules

like GAS6 [117]. This ERa-dependent macrophage acti-

vation leads to E2/ERa-mediated phagocytosis

independent of apoptosis in the AROM ? testis. In addi-

tion to their pivotal role in reproduction, E2/ERa influences

inflammatory responses [118, 119]. Moreover, E2 induces

macrophage activation in the modulation of the immune

response [120–122]. As LCs express abundant ERa and

GAS6 [123, 124], we demonstrated that E2/ERa promotes

LC hyperplasia, GAS6 production, transactivation of the

GAS6 promoter and Ca2?-dependent PS exposure on the

surface of LCs. Simultaneously, we showed that E2/ERa
activates macrophages. The subsequent interactions

between GAS6, LCs, and testicular macrophages resulted

in the formation of an AXL-GAS6-PS complex that leads

to LC engulfment. This again confirmed the finely tuned

balance between testicular macrophages and LCs in normal

spermatogenesis [125–127]. Consequently, the depletion of

T-producing LCs results in disrupted spermatogenesis,

thereby leading to male infertility. To provide clinical

relevance to our transgenic mice findings, we performed a

microarray analysis on testicular biopsy specimens from

patients with nonobstructive azoospermia (NOA) (n = 47,

aged 24–57) or obstructive azoospermia (OA) (the OA

patient samples served as controls for the NOA patients),

an immunohistochemical analysis of the NOA (n = 20)

and OA (n = 10) specimens, and a semen analysis of NOA

and OA patients and healthy donors. The analysis of the

molecular markers identified in the mouse study revealed

significantly enhanced expression of CYP19A1, GAS6 and

AXL in human testes from patients with NOA. These

human data further confirmed that the obtained results from

the AROM ? mouse model reflected human infertility and

provided the novel finding that GAS6 may potentially be a

clinical biomarker and therapeutic target for male infertil-

ity [14].

EDCs, oestrogens, phytoestrogens, anti-androgens
and male fertility

EDCs are synthetic or natural compounds that may have

oestrogenic, anti-oestrogenic or anti-androgenic activity.

Therefore, they could interfere with endogenous endocrine

actions. EDCs have been proposed to be associated with

poor male reproductive parameters [9–11]. However, it is

still a subject of intense debate, how EDCs affect male

reproduction. Androgen could pre-programme masculin-

ization; in terms of the MPW, this pre-programming could

occur before morphological changes in the male repro-

ductive system are actually observed in rats [112]. A series

of rat studies have established that sufficient androgen

exposure within the MPW is a prerequisite for later normal

differentiation and growth of all the male reproductive

organs [19, 112, 128]. Deficient androgen action during the

MPW results in smaller reproductive organs and an

increased incidence of hypospadias, cryptorchidism, low

sperm production, lower T levels and reduced anogenital

distance (AGD) in the postnatal life of rats [19, 112, 128].

In agreement with the data on deficient androgen action

during the MPW in males, mice treated during the MPW

with a potent oestrogen, diethylstilboestrol (DES), present

with similar urogenital disorders [129]. This could be a

partial explanation for the high incidence of urogenital

disorders in boys exposed to DES in utero. In this regard,

one could propose a positive relationship between EDCs

and poor male reproductive parameters [9], as the milder

male reproductive disorders cryptorchidism and hypospa-

dias occur in 2.4–9 and 1–4.6 %, respectively, of boys at

birth [130, 131]. The concept therefore has the potential to

be clinically useful in assessing androgen deficiency during

human gestation. However, there are no valid non-invasive

parameters for assessing androgen action during the MPW

to predict the incidence of reproductive disorders, such as

hypospadias and cryptorchidism. Although AGD has the

highest potential as a clinical biomarker for predicting

changes in the foetal androgen/oestrogen balance, a recent

animal study demonstrated the variability in AGD [132].

Despite genetic polymorphisms that introduce variabil-

ity into the susceptibility to EDCs, human disorders are

presumably the result of chronic exposure to low levels of

EDCs. It is challenging to establish a relationship between

exposure to EDCs and the occurrence of clinical disorders.

Studies on EDCs have shown that even common pesticides,

such as methoxychlor (MXC), may influence sex differ-

entiation [133] and impair semen quality and steroid

production [134, 135]. Most of the previous studies were

carried out using toxicological doses of MXC (over

100 mg/kg/day) [136, 137], but humans and wildlife would

not be exposed to such conditions/doses. We have recently
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shown that maternal (from gestational embryonic day E0.5

till lactational period postnatal day P21.5) exposure to low-

dose MXC (1 mg/kg/day) disturbs testicular development

in mice and significantly downregulates certain spermato-

genic genes (Dazl, Boll, Rarg, Stra8 and Cyclin-A1) [138].

In a similar recent study, we reported that maternal low-

dose exposure to another widely used synthetic pyrethroid

and potential EDC, cypermethrin (CYP) (1 mg/kg/day),

also affected murine testicular development and adult

function and downregulated the expression of T produc-

tion-related, mitosis-related, and meiosis-related genes

[139]. When analysing the EDCs potential effects on male

reproduction data, one should consider the major striking

differences in endocrinology between humans and rodents.

Natural chemicals found in human and animal food

products (e.g. phytoestrogens such as genistein and

coumestrol) may also act as EDCs. Phytoestrogens are

natural oestrogenic compounds that bind to both ERa and

ERb due to their conformational similarity to E2 [140].

Phytoestrogens are abundant in soy and tofu products as

well as in many other food products. Urinary concentra-

tions of the phytoestrogens genistein and daidzein are

approximately 500-fold higher in infants fed with soy

formula than in those fed with cow milk formula [141].

Therefore, it is important to analyse the putative potential

for endocrine disruption by phytoestrogens. Phytoestrogens

may negatively affect male fertility, as supported by the

epidemiological data on deteriorating male reproductive

function (fertility and/or semen quality) due to exposure to

EDCs/phytoestrogens [142, 143]. Although there are

reports indicating a negative association between exposure

to certain EDCs and sperm quality, no solid evidence has

been published to support this claim [143].

An evolving body of evidence suggests that decreased

semen quality could be related to environmental exposure

to oestrogen-like compounds, although some studies have

demonstrated conflicting results [144]. Data from ran-

domized human studies show a clear and consistent decline

in serum T levels in healthy American men over the years

[145], but the trend in the decline in serum T concentration

in EDC-exposed men has been more uniform [144].

Reports have shown lower general sperm counts in Japa-

nese men compared with Caucasian men, which could be

associated with the massive consumption of phytoestrogens

in Asia, although correlations with other factors, such as

genetic diversity or lifestyle issues, cannot be ruled out

[146, 147]. Until recently, limited research was available

on the effects of EDCs on human couple fecundity, but a

correlation between higher serum concentrations of EDCs

and decreased fecundity has been reported [148], especially

in men [149, 150].

The discrepancy, or rather the lack of consistency

between human and animal study results on male

reproductive parameters after EDCs could be due to the

pharmacological doses used in animal studies. Humans are

not exposed to such high EDC doses. A second major

obstacle to study the in vitro effects of EDCs has been a

lack of good model for screening potential reproductive

and developmental toxicants [151, 152]. Current protocols

and models are inadequate for the screening of numerous

chemicals, metabolites, and mixtures that may impair tes-

ticular steroidogenesis [151–153]. A recently characterized

murine Leydig cell line, BLTK1, that produces androgens

and steroids in response to hCG/LH stimulation and a

novel complementary recombinant human chorionic

gonadotropin (rhCG)-inducible Leydig-based model could

fill this missing gap and be used to assess the effects on

steroidogenic gene expression, intracellular cAMP levels,

and the concentrations of P, T, and E2 in media [154, 155].

Conclusion and insight into the future

A detailed analysis of the oestrogen-related mutant patients

and the genetically modified murine models suggests a

complex contribution of oestrogen actions. Additionally,

the oestrogen/androgen ratio balance, specifically within

the MPW is a prerequisite for normal male reproduction

(Fig. 1). aERKO and abERKO, but not bERKO, males are

infertile due to a defect in efferent duct fluid reabsorption

[156, 157]. ArKO males, although initially fertile, develop

progressive infertility with arrested spermatogenesis [2].

Although the phenotypes of the aERKO and ArKO males

are indicative of the critical roles of oestrogens mediated

via ERa activation, on adult rodent fertility, the role of

oestrogens on human masculine fertility has not yet been

completely elucidated. The limited observations of testic-

ular function in adult humans with a disruption of the ERa
gene [4] or incapable oestrogen synthesis secondary to

congenital aromatase deficiency [3, 100] have failed to

provide clear conclusions. The available literature may

suggest that oestrogens are required for normal fertility in

men. The non-genomic effect of oestrogens provides a new

basis for understanding the roles of oestrogen and GPER in

the regulation of spermatogenesis and in reproductive

disorders. Thus, the generation of a triple KO murine

model (ERs and GPER) could be an important contribution

to further understand mechanisms of oestrogen signalling.

Ample data suggest that EDCs, including environmental

chemicals, directly or indirectly may affect the function of

the male reproductive system. However, convincing human

evidence that EDC exposure to the general population

impairs male fertility is still lacking. There is perhaps no

direct evidence that oestrogen actions per se in the MPW

period are important, although in rodents over-exposure to

oestrogens in foetal life can perturb this MPW via
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inhibiting androgen production. It is possible that these

rodent effects could have played an important role in

generating the ‘‘oestrogen hypothesis’’ with putative knock

on concerns for oestrogenic EDCs. Numerous in vitro

studies on human foetal testes by Rene Habert group [158–

160] or a recent study in a xenograft model [161] showed

no effect of oestrogens, arguably due to the lack of ERa in

human foetal Leydig cells. Whilst this phenomenon does

not invalidate the idea that oestrogens can impact the

human male at other life stages, it would be crucial to

highlight the rigorous rodent–human distinction, while

assessing EDC risk issues.

Tissue-specific ER modulators and selective aromatase

inhibitors have been tested for effects on male infertility,

although more mechanistic data on their therapeutic or

pharmacological potential as well as adverse effects on

male fertility and/or contraception are yet to come. Our

recent report [14] presented data on a novel GAS6-medi-

ated molecular mechanism that underlies oestrogen-

mediated Leydig cell hyperplasia and the subsequent

macrophage engulfment process in a murine model and in

infertile men. Hence, this study highlighted the importance

of the oestrogen/androgen ratio in human fertility/infertil-

ity. Further studies on the novel potential application of

GAS6 are necessary, since it may represent a clinical

biomarker for male infertility and/or a potential therapeutic

target for a subset of infertile men with an impaired

oestrogen/androgen ratio.
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