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Abstract:

 

Fertility among human beings appear to be on the decline in many Western countries, and part of the explanation
may be decreasing male fecundity. A hypothesis has been put forward that decreasing semen quality may be associated with
a testicular dysgenesis syndrome (TDS), a spectrum of disorders originating in early foetal life. TDS comprises various
aspects of impaired gonadal development and function, including testicular cancer. A growing body of evidence, including
animal models and research in human beings, points to lifestyle factors and endocrine disrupters as risk factors for TDS.
We present our view of the emerging role of Leydig cell dysfunction with subsequent decreased testosterone levels in the

 

pathogenesis of TDS.

 

Human fertility rates are on the decline in countries all over
the world. In many Western countries, the fertility rate is
well below the replacement level of 2.1 children per woman
[1]. Most often this is attributed to socio-economic factors
and increasing control of fertility, for example, increased use
of contraceptives or the choice of career rather than a large
family. However, decreasing fecundity (the ability to conceive)
is emerging as a possible contributing factor to the declining
fertility rates. In Denmark, the fertility rate in teenagers is
on the decline with no apparent simultaneous increase in
contraceptive use or abortion rates [2]. The use of assisted
reproduction is increasing, and in Denmark more than 6% of
children are now born as a result of infertility treatments [3].
It has also been shown that a large part of the young male
Danish population has low sperm counts. More than 10%
may have sperm counts in the infertile range, and up to 30%
are in the subfertile range [4].

We do not yet know the long-term health effects of
increased use of  assisted reproduction on the generations
to come. One smaller study of reproductive health among
young Danish men conceived after fertility treatment
suggested that these men had considerably lower sperm
concentrations, lower total sperm counts, fewer morpholog-
ically normal spermatozoa and fewer motile sperm than their
naturally conceived controls [5]. In addition, there was a
tendency towards smaller testis size, lower concentrations of
serum testosterone, and lower free androgen index. A tendency
towards lower testosterone levels already in infancy was also
noted in boys conceived by means of assisted reproductive

techniques [6]. The cause of these findings is not known,
and larger studies are needed to confirm the results.

Male infertility is closely linked to other aspects of impaired
gonadal development and function. The term 

 

testicular dys-
genesis syndrome

 

 (TDS) was first coined in 2001 [7]. It was
hypothesized that many cases of abnormal spermatogenesis,
cryptorchidism (undescended testes), penile malformations
(e.g. hypospadias, a congenital malformation with abnormal
placement of the external urethral orifice) and testicular cancer
may have a common aetiology, and that all these clinical
problems may result from an irreversible developmental
disorder originating in early foetal life (fig. 1). Patients with
TDS-related symptoms present within a range of severity: at
the mild end with slight impairment of spermatogenesis and
at the severe end of the range with all of the above-mentioned
symptoms. The risk of testicular cancer increases with the
severity of symptoms, and an association between decreased
male fertility and testicular cancer, as well as its pre-invasive
precursor, carcinoma

 

 in situ

 

 (CIS), is now well documented
[8–11]. We do not yet know the prevalence of TDS symptoms
worldwide, but recent estimates indicate that at least 5–10%
of the Danish male population may suffer from undescended
testes, hypospadias or testicular cancer [12,13]. In addition,
some mildly affected men may be free of clinical symptoms,
as even severely decreased spermatogenesis is sometimes
compatible with fertility. Taking into account the high
frequency of low sperm counts, TDS-related symptoms seem
to be quite common in Denmark. It should be pointed out,
however, that not all cases of male infertility are related to
TDS; for example, obstructive azoospermia, varicocele, occu-
pational exposures to toxic compounds, or genetic disorders
are causes unrelated to TDS.

The frequency of patients with TDS symptoms is rapidly
increasing. We know from the Danish testicular cancer registry
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that the rate of testicular cancer is now several times higher
than 60 years ago. It has been proposed that increasing rates
of this disease may be seen as a ‘whistle blower’ of fertility
problems in the population, as the cancer registers are
usually of better quality than registers of congenital abnor-
malities. Health authorities should thus regard increasing
testicular cancer incidence as a forewarning of deteriorating
reproductive health in the male population [14].

Such trends of rapidly rising cancer incidence occurring
over a few generations are more likely due to environmental
and lifestyle influences than to genetic changes. Exposure to
endocrine-disrupting compounds has been suggested to play
a role in the increase of TDS-like symptoms. A growing
body of evidence, including animal models [15] and research
in human beings, points to commonly used chemicals ubi-
quitous in our environment, such as phthalates and persistent
pesticides. We know from studies of phthalates and their
metabolites in serum and urine that human beings are exposed
to considerable amounts of these chemicals [16], which are
found in a wide variety of consumer products for daily use
[17]. Our point of view is that environmental factors associated
with our lifestyle, including probably endocrine disrupters,
are the most important determinants of TDS.

 

Histological aspects of TDS

 

Structural changes can be seen in the testicular tissue of
men with different TDS symptoms (fig. 2). This applies to
both the spermatogenic tubules and the androgen-producing
cells of the testicle, the Leydig cells. Microscopically, changes
may consist of immature tubules containing undifferentiated

Sertoli cells, impaired spermatogenesis or complete absence
of spermatogenic cells (Sertoli-cell-only pattern) or CIS [18].
There may be signs of abnormal development and dysfunc-
tion of the Leydig cells, which will be discussed in detail below.

Another histological feature seen in association with
testicular dysgenesis is the presence of  microcalcifications
in the testicular tissue, termed microliths. Microscopically,
microliths have been strongly associated with CIS [18,19].
Ultrasonic examination of testes sometimes reveals a pattern
of  small hyperechogenic points, termed testicular micro-
lithiasis. This finding does not necessarily correspond to
the testicular microliths found microscopically, but is associ-
ated with an increased risk of CIS and development of germ
cell tumour if  found either in the contralateral testis of a
patient with unilateral testicular germ cell cancer [20] or in
bilateral biopsies of  an infertile man [21]. A normal ultra-
sound pattern, however, does not exclude CIS, and we do
not yet know if  ultrasonographic microlithiasis found in
men from the general population implies an increased risk
of CIS [22].

Leydig cell clusters (micronodules) are more frequently
found in the testes of infertile men and men with contralateral
testicular cancers, than in control samples from necropsy
specimens of  young men with no visible signs of  disease
[18,23]. The frequently used term of ‘Leydig cell hyperplasia’
may be incorrect, because even if  the proportion of Leydig
cells may appear increased in histological samples from dys-
genetic testes, there is often no significant increase in total
Leydig cell volume when testis size is taken into account [23].

Histological findings of Leydig cell micronodules have
been correlated with abnormal serum concentrations of sex

Fig. 1. The aetiology and symptoms of testicular dysgenesis syndrome (TDS). Schematic diagram illustrating the general pathways in which
the disorders that comprise TDS may arise, including genetic, environmental and lifestyle factors and intrauterine growth disorders, which
may act separately or in concert. Disorders shown in the lower part of the figure vary greatly in frequency, from common (e.g. impaired
spermatogenesis), to rare (e.g. CIS, carcinoma in situ) and testicular germ cell cancer. INSL3 (insulin-like factor-3) is produced in Leydig cells
and may be involved in antenatal descent of the testes. Adapted from Skakkebæk et al. [14]. With permission.
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hormones. They are found more frequently in the testes of
patients with elevated follicle-stimulating hormone and
luteinizing hormone and are rare in testes with apparently
normal spermatogenesis and normal gonadotrophins
(follicle-stimulating hormone and luteinizing hormone).

In a systematic study of  testicular biopsies of  men with
oligozoospermia, the number of Leydig cell micronodules
was increased in testes with histological signs of impaired
spermatogenesis. Micronodules were also associated with
hyperstimulated testes with increased luteinizing hormone/

Fig. 2. Micrographs of testicular biopsies from adult patients from an infertility clinic. (A) Normal spermatogenesis in tubules (N). Slight
Leydig cell hyperplasia (L). (B) Slightly impaired spermatogenesis (I). Large Leydig cell micronodules (LM). (C) Severe dysgenesis. Undifferentiated
tubules (U) with undifferentiated Sertoli cells, stained positive for anti-Müllerian hormone, a hormone produced by immature Sertoli cells
and normally not seen after puberty and the onset of meiosis. (D) Undifferentiated tubules (U) and microliths (M) in the same patient as in
image (C). (E) Undifferentiated tubules (U) and Leydig cell micronodule (LM). (F) CIS (carcinoma in situ) cells visible by PLAP staining.
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testosterone ratios, compared to necropsy specimens as
controls with normal spermatogenesis [23].

The reason for the formation of Leydig cell micronodules
in the hypogonadal men is unknown, but it is speculated
that it may be caused by primary Leydig cell failure as a
result of  testicular dysgenesis. This could, in turn, lead to
rising luteinizing hormone levels to compensate for the
decreased testosterone levels, causing hyperstimulation
of the Leydig cells and formation of Leydig cell clusters that
are dysfunctional in spite of their large size.

 

Serum testosterone levels

 

The pathogenic role of Leydig cell dysfunction in patients
with TDS-associated symptoms has been poorly investigated.
Until recently, the genital malformations, testicular cancer
and impaired semen quality have been the main concern in
reports dealing with TDS. It is known that a patient diag-
nosed with unilateral CIS, a precursor of testicular cancer,
often has impaired spermatogenesis in the contralateral
testis. These patients also have higher levels of luteinizing
hormone and follicle-stimulating hormone, as well as a ten-
dency towards lower levels of testosterone [24]. This could
indicate that Leydig cells may be dysfunctional in TDS, or
else a defect in Sertoli cells, presence of CIS cells or a rela-
tively lower number of haploid germ cells may theoretically
have a negative effect on testosterone production in the
nearby Leydig cells.

A large study comparing reproductive hormone levels in
infertile men (with severe abnormalities of sperm production)
to those of fertile controls revealed signs of impaired Leydig
cell function in the infertile men. There was a shift towards
lower testosterone levels, as well as lower testosterone/
luteinizing hormone ratios and higher oestradiol/testosterone
ratios. These results clearly suggested impaired Leydig cell
function, although partially compensated by increased
luteinizing hormone levels [25]. It cannot yet be pinpointed
whether the Leydig cell dysfunction originated during
development; however, there is some indirect evidence to
suggest that this may be the case. Not only adults with
TDS-associated conditions, such as testicular cancer and
infertility, seem to have signs of decreased Leydig cell function.
Some boys with hypospadias have Leydig cell dysfunction [26],
and a subtle impairment of Leydig cell function was recently
noted in newborn boys with cryptorchidism [27].

Serum testosterone levels decrease with age in the individual
male [28], but low serum testosterone levels are also associated
with various health conditions in younger men, including
abdominal obesity, diabetes and dyslipidaemia. US and
Danish observational studies [29,30] of population-level serum
testosterone and sex hormone-binding globulin (SHBG)
concentrations suggested an age-independent decrease in
testosterone and SHBG levels over the last 20 years that
cannot entirely be explained by health and lifestyle factors.
The reason behind the fact that testosterone levels appear to
be decreasing more than could be expected from ageing is
unknown, but it may indicate an environmental factor.

 

Possible role of environmental factors

 

The clinical symptoms of TDS are thought to originate in
early foetal life and share risk factors. Formation of the testis
and its early development are both hormone-independent,
but later testosterone insufficiency may contribute to dys-
genetic tubule formation. Various animal models, as well as
patients with complete androgen insensitivity syndrome,
provide some evidence that androgens are important for
early proliferation of Sertoli cells. There is no doubt that the
most severe forms of TDS observed in patients with dis-
orders of sex differentiation have a genetic cause (e.g. mosai-
cism for sex chromosome aneuploidy). What causes the bulk
of moderate and mild forms of TDS is yet unknown, but it
is our belief that environmental causes must play a significant
role in the rapidly increasing frequency of these disorders.

Several environmental exposures have been proposed to
play a role as endocrine disrupters. Perhaps the best docu-
mented is the group of  anti-androgenic compounds, in
particular phthalates, for which we now have an animal
model and proposed mechanisms of action (see below).
There are also several epidemiological studies suggesting
an association between early phthalate exposure and male
reproductive health symptoms, including maternal phthalate
exposure during pregnancy and decreased ano-genital length
in male infants [31], and phthalates in breast milk and changes
in the hypothalamic–pituitary–gonadal axis in male offspring [32].

Apart from the endocrine disrupting compounds in our
environment already under suspicion, other factors of modern
lifestyle may play a role in the increase of male fertility
problems. Maternal smoking during pregnancy has been
shown to adversely affect the sons’ testicular function,
including spermatogenesis [33,34]. There is also a study
suggesting that increased body mass index in young men is
associated with lower levels of testosterone, SHBG and inhibin
B in serum, as well as reduced sperm output, compared to
men within the normal range of body mass index (20–25) [35].

In addition to endocrine-disrupting chemicals, some chemical
substances may influence male fertility by exposure in adult-
hood. Lead and cadmium, for instance, accumulate in the
male reproductive organs, and some studies have associated
reduced sperm quality with a high exposure to these substances
[36]. Another example of late exposure with deleterious effects
on male fertility is the pesticide 1,2-dibromo-3-chloropropane,
which permanently impaired spermatogenesis in male workers
exposed to this chemical [37]. The occupational damage
to testis function evidently is not related to the gonadal
development, and are thus not considered as a part of TDS.

 

Leads from animal models

 

In order to provide information on the possible mechanisms
of environmental endocrine disrupters that may induce TDS
we need animal models, as intervention studies evidently
cannot be performed on human beings. In existing animal
models,  effects of endocrine disrupters have proved similar
to most aspects of TDS in human beings. This is with the
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exception of  testicular cancer derived from CIS, for which
there is no existing animal model, unless it is confirmed that
the observed CIS-like changes in rabbits are true tumour
precursors [38].

Different models have been proposed as to how exogenous
endocrine disruption could lead to the male reproductive
disorders associated with TDS [39–41]. These mechanisms
include increased exposure to oestrogens, decreased androgen
production by suppression of Leydig cell function (directly
or as a secondary feature of Sertoli cell dysfunction), sup-
pression of the expression of androgen receptors or distortion
of the androgen–oestrogen balance that may itself  be impor-
tant for the normal development of the reproductive tract.
Originally, a hypothesis was put forward in 1993 [42] that
increasing incidence of reproductive abnormalities in the
human male may be related to oestrogen exposure 

 

in utero

 

,
as similar abnormalities occurred in sons of women exposed
to diethylstilobestrol during pregnancy and were inducible in
animals by exposure to diethylstilboestrol during pregnancy.
The proposed mechanisms were suppression of gonadotrophin
secretion via enhanced negative feedback by oestrogens, or
impairment of Leydig cell development, leading to inadequate
testosterone production. More direct anti-androgenic mech-
anisms have since emerged, namely suppression of androgen
production, suppression of androgen receptor expression or
suppression of  secretion of  insulin-like factor-3 by foetal
Leydig cells [43].

An anti-androgenic action of phthalates was proposed in
1998 [44], when rodent studies suggested specific impair-
ment of the androgen-dependent development of the male
reproductive tract. It emerged that the effect of phthalates
differed from flutamide, an androgen receptor antagonist, in
that the active metabolite of di(n-butyl)phthalate (DBP) does
not interact with the androgen receptor 

 

in vitro

 

, and different
patterns of anti-androgenic effect were observed for the two
substances [45,46]. There is a substantial number of studies
of 

 

in utero

 

 exposure of rats to phthalates such as DBP with
a consequential range of dysgenetic features in the male off-
spring that has many similarities with TDS in human beings.
This spectrum of  disorders in rats has been termed the
‘phthalate syndrome’, first coined in 2003 [47], and consists
of dysgenetic seminiferous tissue, multinucleated gonocytes,
as well as reduced androgen production and abnormal
Leydig cell aggregation seen in rats when exposed to
phthalates in foetal life. These Leydig cell abnormalities are
proliferative lesions of developmental origin, as they are seen
antenatally in phthalate-exposed male rats. Lesions resembling
human Leydig cell adenomas were seen in male rats exposed
before birth to DBP, but were dissimilar to traditional Leydig
cell adenomas as the Leydig cells were poorly differentiated
and the lesions contained aberrant seminiferous tubules [48].
Interestingly, aside from the effects associated with the
‘phthalate syndrome’, no other adverse effects of DBP expo-
sure were observed in the pregnant rats or their offspring [49].

Further studies were able to link the reproductive mal-
formations with impaired foetal testosterone production,
suggesting a causal contribution of  decreased hormone

production in disruption of sexual differentiation during a
critical stage of reproductive tract development [45,50,51].
The mechanism by which phthalates exert their effects on
the foetal testis has been further elucidated by a recent study
where pregnant rats were exposed to DBP, DMBA [7,12-
dimethyl-benz(

 

α

 

)anthracene, a PAH (polycyclic aromatic
hydrocarbon)], flutamide and testosterone in various combi-
nations. This study was designed to shed some light on
whether decreased testosterone/hormone levels contribute
causally to the rest of the phthalate syndrome. The results
were a clear association between DBP treatment and major
reductions in intratesticular testosterone, as well as a reduc-
tion in Sertoli cell number [52]. Although animal data can-
not be directly extrapolated to human beings, studies of this
kind will undoubtedly contribute to the identification of target
pathways and the mechanisms involved in the pathogenesis
of human TDS.

 

Conclusions

 

In summary, more and more evidence is emerging that
Leydig cell dysfunction may be a central part of the testicular
dysgenesis syndrome, and that androgen insufficiency may
be important either causally or as a consequence of develop-
mental disruption of  both the androgen producing and
spermatogenic compartment of the human testicle. We do
not yet know what causes TDS, but there is increasing
suspicion that endocrine-disrupting compounds in our
environment may be a central risk factor. Animal models
of  the TDS-like phthalate syndrome are contributing to
our understanding of the mechanisms involved. However,
we must keep in mind that human beings are exposed to
multiple categories of environmental agents that may act in
concert to produce the endocrine disrupting effect thought
to be contributing to the rise in TDS and consequently
declining fertility and increasing rates of testicular cancer.
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