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Abstract: This review addresses whether there is a secular increasing trend in male repro-
ductive developmental disorders (cryptorchidism, hypospadias, testis cancer, low sperm
counts), and highlights the limitations of available data and how these issues are being ad-
dressed. These disorders are considered to represent a syndrome of disorders [testicular dys-
genesis syndrome (TDS)] with a common origin in fetal life, and in which “endocrine dis-
ruption” plays a central role. The potential involvement of environmental estrogens in the
etiology of these disorders is reviewed in light of new understanding about the pathways and
dose—effect relationships of estrogen action on male reproductive development. Several new
pathways of estrogen action have been identified, including suppression of the production of
testosterone and insulin-like factor-3 by fetal/neonatal Leydig cells and suppression of an-
drogen receptor expression in androgen target tissues. It is tentatively concluded that identi-
fied environmental chemicals are unlikely to activate these pathways because of their intrin-
sically weak estrogenicity. However, chemicals that may alter endogenous estrogen
production, bioavailability, or inactivation represent a new focus of concern. Additionally,
environmental chemicals that alter endogenous levels of androgens in the rat fetus (certain
phthalates) induce a similar collection of disorders to TDS. Whether human exposure to such
compounds might contribute to TDS remains to be shown, but studies in animals should help
to define susceptible pathways for induction of TDS.

INTRODUCTION

World-wide interest in male reproductive disorders probably stems from the publication in 1992 of the
paper by Carlsen et al. [1] suggesting that sperm counts in human males might have declined by nearly
half during the previous 50 to 60 years. This interest became more intense when we published our hy-
pothesis paper in the Lancet in the following year [2], in which we argued that the fall in sperm counts,
increase in incidence of testis cancer, and in other reproductive abnormalities (cryptorchidism, hypo-
spadias) in the human male might be related to increased estrogen exposure in utero. In our paper, we
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went on to identify several mechanisms by which this increased exposure could have occurred—one of
which was exposure to environmental chemicals, in particular to environmental estrogens. The coinci-
dence of this publication with an explosion of interest in environmental estrogens meant that a link be-
tween human exposure to environmental chemicals and the occurrence of male reproductive disorders
was widely discussed [3]. There is still nothing other than circumstantial evidence to support this pos-
sibility. Though this may mean that environmental chemicals are not important in this context, it is be-
coming increasingly obvious that provision of definitive proof, one way or the other, is a demanding
task. As this review will show, there have been many problems to overcome that relate to both the qual-
ity of the data and to our lack of understanding of the underlying biology. However, it is reassuring that
these deficits have been recognized (though not by all!) and appropriate responses and changes made
to overcome these shortcomings. These are helping to accurately define the reproductive health prob-
lem, identify how the search for “causes” may be addressed, and to redefine the causal role (if any) that
environmental chemicals might play.

An important development in recent years, and one that forms the core around which this review
is built, is the realization that the human male reproductive disorders of concern—namely crypt-
orchidism, hypospadias, testis germ cell cancer, and low sperm counts—may form a syndrome of in-
terconnected disorders with a common origin in fetal life. This has been termed “testicular dysgenesis
syndrome” (TDS) [4]. It is argued that there may be more than one cause of this syndrome and that its
manifestation may include one or more of the aforementioned disorders. Most importantly, from the
perspective of this review, is the recognition that “endocrine disruption” (altered androgen and/or es-
trogen levels/action) is a central feature of this syndrome. Below, we discuss the current views on sec-
ular trends in male reproductive disorders, the pathways via which endocrine disruption may occur, and
the possibility that environmental chemicals may impact these pathways.

MALE REPRODUCTIVE DISORDERS—SECULAR TRENDS AND THE ROLE OF
ENDOCRINE DISRUPTION

There are two major issues concerning human male reproductive disorders (testicular germ cell cancer,
cryptorchidism, hypospadias, low sperm counts), namely, the evidence that the disorders are increasing
in incidence with time (secular trends) and, second, the role of endocrine disruptors in this (increase in)
incidence. These two issues are clearly linked in many people’s minds, but it is more balanced to con-
sider them as separate problems that may be linked. As this short review will emphasize, the evidence
that “endocrine disruption” plays a central role in the origin of these disorders is becoming ever clearer
(Fig. 1). However, what factors can cause or trigger endocrine disruption remains unclear, but is by no
means confined to exposure to environmental endocrine disruptors. Endocrine disruption (i.e., hor-
monal imbalance) underlies many of the most common human disorders, but this disruption can have
many causes such as infection, diet/bodyweight, lifestyle, inherited genetics, or environmental expo-
sures, though there is a paucity of data for the latter when compared with the other listed triggers [5].
Below, we consider what new pieces of evidence have emerged in recent years to help redefine both the
concerns and the potential causes.

Sperm counts—secular trends

As already indicated, the evidence that sperm counts in Western countries might have fallen by ap-
proximately 50 % since the 1930s to 1940s [1] was a driving impetus for concerns about environmen-
tal effects on the male. The initial study by Carlsen and colleagues was subjected to much criticism and
reanalysis, many of which attempts appeared contrived [reviewed in: 3,6-8]. Independent reanalysis [8]
reached exactly the same conclusions as had the original study, and a recent updated analysis [9] that
included semen analysis data up to 1996 (101 studies in all) again confirmed the trends and conclusions
of the original study. However, these studies are all based on meta-analyses of retrospective data, and
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can only raise the possibility that sperm counts have fallen. Numerous studies were prompted by the
original findings, nearly all retrospective, and their results divided into two camps, those showing evi-
dence of a secular trend related to year of birth and those showing no such trend [see 3,6-8]. From these
studies, it also appeared that significant differences in sperm counts, both within and between countries,
might exist. If these differences are real, global analysis of sperm counts to discern secular trends must
consider these geographical differences, and this cannot be done retrospectively with any confidence.
This reality prompted a major effort at the European level to obtain prospective data for sperm counts
in various European countries using standardized methods of subject recruitment and semen analysis
[10,11]. These studies have had three main aims:

1. establish robust methodology that could be used in all semen analysis laboratories;

2.  establish a solid data platform from which future trends in sperm counts can be discerned and fol-
lowed with confidence; and

3. enable a cross-sectional comparison of sperm counts in similar groups of men in European (and
other) countries at the present time.

The initial group chosen in which to analyze sperm counts were “recently fertile” men whose
partners were currently pregnant, recruitment taking place via parentcraft classes. Some 250 to 350 men
were recruited from four centers in Denmark, Finland, France, and Scotland, and their semen analyzed
using methods standardized throughout the four centers. Sperm counts were then standardized for a
30-year-old man with an abstinence period of four days in each country by allowing for known con-
founders such as period of abstinence. Median sperm counts were found to be 34 % higher in Finland
than in Denmark with Scotland and France intermediate between these two extremes [11]. A seasonal
difference in sperm counts was also evident in all four countries, sperm counts being approximately
30 % lower in summer than in winter, confirming other studies [reviewed in ref. 12]. Although not all
relevant studies have reported such a seasonal difference in sperm counts, season, as well as age, absti-
nence, and geographical location should be considered when undertaking studies related to secular
trends in sperm counts.

For the reasons outlined above, retrospective studies of sperm count data, which have been ex-
tensively reviewed [3,6,7], cannot be considered definitive. We will therefore not consider this data fur-
ther here. There is, however, one new approach that is relevant to the secular trends in sperm counts
issue, and that is the analysis of sperm counts in young men aged 18 to 20 years. These were prompted
by the demonstration in several of the retrospective studies in older men that sperm counts appeared to
decline in relation to when a man was born rather than according to when the semen sample was actu-
ally provided, consistent with fetal origins of the problem [3,6]. If later year of birth is associated with
declining sperm counts, then analysis of sperm counts in the latest birth cohort, namely young men,
should provide evidence to support or refute this thinking. If the young men have normal sperm counts
(i.e., typical of those reported in the literature) then a secular decrease appears unlikely, whereas if they
have “low” sperm counts a secular decrease in sperm counts would appear more likely. For solidity and
comparability of these studies, they have been undertaken in conjunction with the European multicen-
ter study of recently fertile men, outlined above, and have used the same standardized methods. Semen
analysis studies are always plagued by “biased” recruitment, so the principal approach has been to un-
dertake the studies in countries in which there is still compulsory military service for young men. To
date, only data for Danish young men are available, and these indicate a median sperm count of only
41 million/ml) [13], a value that is substantially lower than in older men from the same country [11].
With such low sperm counts, effects on time to achieve a pregnancy become more likely [14—16]. This
finding, which has been confirmed by other as yet unpublished studies in Denmark, supports the hy-
pothesis of a secular decrease in sperm counts related to later year of birth. It remains to be shown if
this is a change specific to Denmark, and as similar studies in other European countries on 18- to
20-year-old men are nearing completion, it is prudent to wait for these results before conclusions are
drawn. In this regard, a recent study of 408 young (18 years of age) men from the Czech Republic re-
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ported median sperm counts of 44 million/ml [17], though it is emphasized that this study was not part
of the European initiative outlined above, but was a study of the impact of seasonal air pollution.

Sperm counts—role of endocrine disruption

Though sperm are not made until later in puberty, capacity to make sperm is determined by the num-
bers within the testes of Sertoli cells, and as these cells proliferate in fetal, neonatal (in particular), and
peripubertal life [18], inhibition of Sertoli cell proliferation during any of these phases in life could af-
fect sperm counts in adulthood. This was the thinking in the original “estrogen hypothesis” in which it
was proposed that perinatal estrogen exposure could reduce Sertoli cell proliferation, probably by sup-
pressing follicle-stimulating hormone (FSH) secretion from the pituitary gland [2]. Studies in rats have
since shown that neonatal estrogen exposure does indeed reduce Sertoli cell number, testis size, and
sperm production in adulthood dose-dependently [19,20]. Though a direct effect of estrogens on the
Sertoli cells is possible [20], it is likely that suppression of FSH secretion is the most important mech-
anism behind the reduction in sperm counts (unpublished data). However, whether estrogen suppression
of FSH levels perinatally in humans would result in a permanent reduction in Sertoli cell numbers is
questionable. This is because studies in the marmoset have shown that although suppression of FSH lev-
els neonatally does reduce Sertoli cell proliferation/number by approximately 30 % at the end of the
neonatal period, by the time such treated animals have reached adulthood Sertoli cell number has re-
covered to normal [21]. As the marmoset appears similar to man in terms of when Sertoli cell prolifer-
ation occurs [18,20], this might account for the rather modest changes in semen quality reported in men
exposed to DES in utero [22] and the associated absence of any change in fertility [23]. Note that this
explanation does not rule out the possibility that DES exposure in utero did reduce Sertoli cell numbers
(which is highly likely based on data from the rat), only that if such a reduction did occur it was prob-
ably compensated for at some time postnatally.

Testis cancer—secular trends

Testis cancer has continued to increase in incidence in Caucasian men in many countries [22,24-27].
Numerous studies have demonstrated that later year of birth is associated with a progressively increas-
ing risk of developing testis cancer [22,28,29], implicating environmental, as opposed to genetic, fac-
tors in the etiology of this increase. New data has also confirmed that men with testis cancer exhibit re-
duced fertility prior to the occurrence of their tumor [30,31]. This reinforces the hypothesis that there
may be a causal link between occurrence of testis cancer and low sperm counts due to abnormal germ
cell and/or Sertoli cell development in fetal life (see Fig. 1 and below).

Testis cancer—role of endocrine disruption

It has long been established that disorders of sexual differentiation, a hormonally mediated process in
fetal life, are associated with an exceptionally high risk of developing testis cancer in young adulthood
[32]. Other studies had suggested an increased risk of testis cancer in men exposed in utero to DES or
other estrogens, though not all such studies concurred [33]. A meta-analysis of published studies con-
cluded that estrogen exposure in the first trimester of pregnancy was associated with a small but sig-
nificant increase in risk of developing testis cancer [22]. Three new studies have readdressed this issue
and reached somewhat opposing conclusions [34—36], consistent with earlier data. Overall, it seems fair
to conclude that exposure to exogenous estrogens in early pregnancy results in only a modest increase
in risk of developing testis cancer. However, two new studies also raise the possibility that an increased
risk of testis cancer might stem from increased exposure to endogenous (maternal) estrogens. These
showed that twins of brothers who had developed testis cancer had a 12- to 37-fold increased risk of de-
veloping testis cancer themselves [37,38]. Twin pregnancies are associated with higher estrogen levels
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Fig. 1 TDS in the human. Schematic diagram to illustrate the central features and general pathways via which the
disorders that may comprise this syndrome are likely to arise. Note that although abnormal testicular cell
differentiation appears to be at the heart of this syndrome of disorders, numerous pathways might lead to this
occurrence, including genetic, environmental, and lifestyle factors. It is tentatively suggested that any effect of
maternal or exogenous estrogens on the induction of TDS is most likely to result from impairment of testosterone
production or action, though impairment at an earlier step (e.g., cellular differentiation) cannot be ruled out. Note
also that the disorders comprising TDS occur with differing frequency, varying from quite common (reduced sperm
production, cryptorchidism) to rare (testis germ cell cancer). Note also that some of the disorders may occur for
reasons other than TDS (e.g., low sperm counts).

than in single pregnancy and this is especially so for dizygotic twin pregnancies—accordingly, testis
cancer risk is 50 to 100 % higher in dyzgotic than in monozygotic twins [38,39]. Of course, increased
risk of testis cancer in twins might also indicate evidence of “genetic predisposition” to testis cancer,
though there is a dearth of evidence to support such a view. Indeed, as the main identified risk factors
for testis cancer all relate to fetal/pregnancy factors (see Table 1), it is most logical to explain the “twin
data” on the basis that twins and siblings share a common intrauterine environment and that maternal/
placental estrogens are one component of this, though not necessarily the most important component
(Fig. 1).

It has become ever clearer that the premalignant germ cells from which testis cancer arises,
namely carcinoma in situ (CIS) cells [40-42], themselves have their origins in fetal life [42—44]. It is
presumed that the CIS cells arise because of failure of normal differentiation of fetal germ cells, but how
and why this should occur remains unclear (Fig. 1). However, based on the identified risk factors, it is
clear that subnormal androgen exposure [42—44] and/or increased estrogen exposure (see above) are po-
tentially important factors (see Table 1). As these hormonal changes are also key risk factors for crypt-
orchidism (see below), it is noteworthy that cryptorchidism has been reconfirmed as the numerically
most important risk factor for testis cancer [35], as well as being an important risk factor for low sperm
counts, infertility, and hypospadias (Table 1).
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Table 1 Common risk factors for testis germ cell cancer, cryptorchidism, hypospadias, and low sperm
counts/infertility, based on numerous epidemiological studies. These support the suggestion that these four
disorders may form a syndrome (testicular dysgenesis syndrome) with a common origin during the period of
testicular/sexual differentiation in fetal life.

Testis germ Cryptorchidism Hypospadias Low sperm counts/
cell cancer infertility
Cryptorchidism Cryptorchidism Cryptorchidism Cryptorchidism

in a sibling
Hypospadias Hypospadias Hypospadias

Low sperm count/
infertility

Testis cancer
in a sibling

Low birthweight
(IUGR)

First pregnancy

Impaired androgen
production/action
in fetal life®

Increased DES
exposure during

Low sperm count/
infertility

Low birthweight
(IUGR)

First pregnancy

Impaired androgen
production/action
in fetal life®

Increased DES
exposure during

in a sibling

Low birthweight
(IUGR)

Impaired androgen
production/action
in fetal life?

Increased DES
exposure during

Low sperm count/
infertility in father
Testis cancer

Low birthweight
(IUGR)

Impaired androgen
production/action
in fetal life®

Increased DES
exposure during

mother’s pregnancy mother’s pregnancy mother’s pregnancy mother’s pregnancy

IUGR = intra-uterine growth restriction; DES = diethylstilboestrol
Includes genetic disorders of androgen insensitivity.

Cryptorchidism—secular trends

The evidence for a secular increase in the incidence of cryptorchidism has been limited by inherent
problems related to diagnosis and reporting [22]. Indeed, it is now accepted that registry data is unreli-
able and if any secular trends are to be discerned, then a structured and standardized diagnostic ap-
proach is essential and the studies should be prospective [45]. Such studies were initiated several years
ago in Europe and involve a structured comparison of incidence of cryptorchidism at birth and at
3 months in consecutive series of babies born in various European countries. This data is likely to con-
firm that differences between countries in incidence of cryptorchidism are as marked as differences in
incidence of testis cancer [22,24] and sperm counts [11], and will provide a sound baseline from which
to monitor future trends in incidence. Despite the reservations about the accuracy of registry data for
cryptorchidism, it is clear that this remains by far the most common congenital abnormality (2 to 4 %
incidence at birth) in babies of either sex and surgical correction is required in 30 to 50 % of affected
boys.

Cryptorchidism—role of endocrine disruption

Boys born to women treated with DES in early pregnancy have an increased incidence of crypt-
orchidism [see 22 for references], and new pathways via which cryptorchidism can be induced by es-
trogens in rodents have now been identified (see below). Nevertheless, it appears that exposure to hor-
mones other than DES in early pregnancy, including those in the oral contraceptive pill, is not associated
with increased risk of either cryptorchidism or hypospadias, according to meta-analysis [46].
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Hypospadias—secular trends

Data from the United States Birth Defects Monitoring Program has shown a rate of increase of 2 to 3 %
per year in incidence of hypospadias in all regions [47]. As with earlier studies that suggested similar
trends [22], this is based on registry data, raising questions as to whether this increase is real or might
be explained by reporting differences [48]. However, the study showed that the most severe forms of
hypospadias (those requiring surgery), and which are less likely to go unreported, showed the same or
even a larger temporal trend than did minor cases. A recent prospective study from the Netherlands that
used a structured diagnostic procedure, reported a 4- to 6-fold higher incidence (0.7 % of boys at birth)
than did the official registry data for the same region [49]. Remarkably, the ratio of severe to minor
cases of hypospadias was 3:1 in the prospective study and the mirror image (1:3) in the registry data!
This study therefore confirms that registry data for hypospadias is highly unreliable [45], and more im-
portantly suggests that it underestimates the true incidence, especially for severe cases. Further evidence
for an increasing incidence of hypospadias comes from neonatal intensive care units in the United
States, which reported a 10-fold higher incidence (4 vs. 0.4 %) of hypospadias in 2000 compared with
1987 [50]. Though these new studies fuel concerns about the accuracy of registry data for hypospadias,
and thus cast doubt on the accuracy of secular trends based on such data, they also suggest strongly that
hypospadias is far more common than is generally perceived. If the new data from the Netherlands is
representative, it suggests that hypospadias is the second most common congenital abnormality in chil-
dren of either sex, after cryptorchidism [49].

Hypospadias—role of endocrine disruption

It was recently pointed out [51] that the widely disseminated belief that DES exposure during pregnancy
led to an increased incidence of hypospadias in humans, was incorrect as the original study [52] did not
specify hypospadias but “urethral abnormalities”. In fact, these arguments have in turn been refuted, as
a recent cohort study from the Netherlands has shown that boys born to mothers treated with DES dur-
ing pregnancy show a massive 20-fold increased incidence of hypospadias [53]. Additionally, new stud-
ies in pregnant rats have uncovered the mechanism via which this might occur as DES treatment results
in gross suppression of fetal testosterone levels (see below), which would be expected to increase risk
of hypospadias (Table 1). In contrast, a meta-analysis of studies in which pregnant women were ex-
posed to estrogens (other than DES) or other hormones in early pregnancy found no increased risk of
hypospadias in the offspring [46], raising the possibility that induction of hypospadias is specific to
DES, rather than estrogen, exposure per se (i.e., DES is an atypical estrogen). This seems unlikely based
on two new pieces of data from animal studies. First, it has been shown in mice that a functional
ERa. receptor is essential for DES to induce reproductive tract abnormalities in either males or females
[54,55]. Second, several of the abnormalities of development that are induced in animals treated in utero
with DES, such as cryptorchidism and other abnormalities of the reproductive tract, are also induced in
a transgenic mouse that overexpresses aromatase [56].

The apparent conflict between the increased risk of reproductive tract abnormalities in boys ex-
posed in utero to DES and the lack of risk in those exposed to other hormones, including other syn-
thetic estrogens, requires explaining, as it has important implications with regard to assessment of risk
from endocrine disruptors. One obvious possibility is that the conflict relates to the dose and/or dura-
tion of estrogen exposure. When DES was administered to pregnant mothers in early gestation, ex-
traordinarily high doses were used (80—>2000 pg per kilogram per day [ug/kg/day]; see ref. [22]). In
contrast, in studies in which pregnant women were exposed to “hormones” other than DES during
pregnancy, this usually involved either brief or single exposure to high levels during hormone admin-
istration as a pregnancy test or inadvertent exposure to oral contraceptives before the pregnancy was
diagnosed [46], most of which involved exposure to lower doses of “estrogen” or for relatively shorter
periods than occurred with DES exposure. In studies in rats and mice in which adverse effects on male
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reproductive tract development have been induced by DES, ethinyl oestradiol, or oestradiol, very high
doses of estrogen (>50 pg/kg/day) have been used [20]. Indeed, studies in neonatal rats suggest that
only doses of estrogen that induce associated reductions in testosterone levels and in androgen recep-
tor expression will cause reproductive developmental abnormalities, and for this to happen doses in ex-
cess of 100 ug/kg/day are required [20,57]. This suggests that only exposure to very high estrogen lev-
els poses a major risk to male reproductive tract development, though this interpretation requires formal
testing.

MECHANISMS VIA WHICH ALTERED HORMONE EXPOSURE (ENDOCRINE
DISRUPTION) COULD INDUCE MALE REPRODUCTIVE DISORDERS

Adequate androgen production and action are essential prerequisites for normal male reproductive tract
development. Gene mutations or other factors that interfere with such processes result inevitably in ab-
normalities of reproductive development (Fig. 1). At its most extreme, in “complete androgen-insensi-
tivity syndrome”, complete failure of phenotypic masculinization occurs, despite the fact that the af-
fected individuals have testes. In such cases, the testes are abdominal and are at high risk of testis cancer
[32]. Though this has long been established, it is worth restating as it emphasizes the central role that
androgens play in normal male development and perhaps questions the logic behind the focus on envi-
ronmental estrogens, or indeed even on potent estrogens such as DES. However, perusal of Table 1
clearly shows that reductions in androgen production or action or increases in estrogen exposure dur-
ing male development are both associated with increased risk of all of the disorders listed, and the same
is true for experimental studies in animals [20]. This similarity suggests a link, and recent data from an-
imal studies appears to have uncovered four mechanistic links that may explain this phenomenon.

Suppression of androgen production

Administration of potent estrogens such as DES or ethinyl estradiol to the rat in high doses
(>100 ug/kg/day), drastically suppresses Leydig cell function and, as a result, testosterone levels in both
the testis and/or blood are dose-dependently suppressed. Treatment of pregnant females in this way re-
sults in gross suppression of testosterone levels in the male fetus [58], and direct administration to male
rat pups neonatally has similar effects [20] that may persist through to adult life [19]. The pathways via
which estrogens reduce testosterone production may involve suppression of expression of steroidogenic
factor-1 [59] and 170-hydroxylase-C 4 _,q-lyase [60].

Suppression of androgen receptor expression

Coincident with suppression of testosterone production, neonatal treatment of rats with DES or ethinyl
estradiol also grossly suppresses expression of the androgen receptor (AR) in the testis and throughout
the developing reproductive tract [20,57,61]. This suppression only occurs at very high doses
(>100 pug/kg), similar to the effects on suppression of testosterone levels reported above. However, the
suppression of testosterone production and loss of AR expression are separate effects as experimental
suppression of testosterone levels by other mechanisms (switching off pituitary gonadotrophin secre-
tion by treatment with a GnRH antagonist) is unable to induce loss of AR expression [20,57,61].
Dose-response studies indicate that estrogen-induction of testicular and reproductive tract abnormali-
ties is coincident with suppression of AR expression, so this change is presumably involved in the ae-
tiology of these disorders [57].

© 2003 IUPAC, Pure and Applied Chemistry 75, 2023-2038



Male reproductive disorders 2031

Distortion of the androgen—estrogen balance

Though the findings in 1 and 2 described above imply that estrogens may simply function as effective
anti-androgens, at least at very high doses, other findings suggest that the relationship between andro-
gens and estrogens is more complex than this. For example, it has been shown that most, and perhaps
all, of the adverse effects induced by high doses of DES on male reproductive development when ad-
ministered neonatally, can be prevented by coadministration of testosterone, even though the particular
adverse efects induced by DES cannot be induced by simply suppressing testosterone production or ac-
tion [57]. More recently, it has been shown that administration of a 100-fold lower dose of DES, which
is largely ineffective on its own, can induce a similar spectrum of reproductive tract abnormalities if
testosterone production or action is suppressed at the same time [62]. These findings have been inter-
preted as evidence that it is the balance between androgens and estrogens that is important for normal
reproductive tract development rather than the absolute levels of either hormone [20,62]. If this is true,
it has considerable implications for the assessment of mixtures of endocrine disruptors, especially mix-
tures of compounds with anti-androgenic and estrogenic activity. However, in the study by Rivas et al.
[62], administration of a high dose of bisphenol A was still unable to induce any “estrogenic” repro-
ductive tract abnormalities when testosterone production was inhibited at the same time.

Suppression of secretion of insulin-like factor-3 by fetal Leydig cells

In the last few years, a completely new pathway involved in testicular descent has been discovered and
has been shown to be suppressible by estrogens, namely production of insulin-like factor-3 (InsL3), also
termed relaxin-like factor, by fetal Leydig cells. InsL3 acts on the gubernaculum of the testis, which
plays an important role in guiding the testis during its phase of transabdominal descent. Administration
of estrogens to pregnant rats during the time of sexual differentiation of the male fetus results in sup-
pression of InsL.3 expression and failure of testis descent [63,64]. The importance of InsL.3 was con-
firmed by transgenesis, as mice homozygous for a knock-out of the InsL.3 gene exhibit bilateral crypt-
orchidism [65,66]. Indeed, in transgenic mice that overexpress InsL.3, ovarian “descent” is induced in
the female offspring [67]. These findings demonstrate that production of InsL3 by fetal Leydig cells
plays a key role in the transabdominal phase of testis descent, and that InsL.3 secretion can be sup-
pressed by estrogens. It remains unknown what relationship, if any, there is between estrogen-induced
suppression of testosterone and InsL.3 production, or what physiological role estrogens might play in
regulating InsL3 secretion.

These four new pieces of data from animal studies go a long way toward explaining why sup-
pression of androgen production/action or overexposure to estrogens may have very similar effects on
the developing male reproductive system [20], and probably explain the coincidence of these two fac-
tors as risk factors for reproductive developmental disorders in humans (Table 1, Fig. 1). They also have
other important implications. First, estrogen exposure on its own, either during fetal or neonatal life,
only appears to cause adverse effects that impact health/function when administered at very high doses
(doses at which effects on androgen production/action occur). At face value, this implies that weakly
estrogenic compounds will be incapable of inducing such effects, at least because of their intrinsic es-
trogenicity. In this regard, it is emphasized that studies showing effects of extremely low doses of es-
trogens or estrogenic compounds (so-called “low-dose effects”) on male reproductive development
have used endpoints that are fundamentally different from those being discussed here (see below).
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RELEVANCE OF ENVIRONMENTAL COMPOUNDS WITH ESTROGENIC OR
ANTIANDROGENIC ACTIVITY TO HUMAN MALE REPRODUCTIVE DEVELOPMENTAL
DISORDERS

In view of the improvement in understanding the mechanisms via which estrogens can induce male re-
productive abnormalities, and the demonstration that only very high doses of (potent) estrogens are ap-
parently able to activate these pathways, it is possible to make a fairly radical reassessment of the haz-
ard posed by estrogenic and anti-androgenic chemicals. For example, it is clear that all of the identified
“environmental estrogens” possess weak or very weak intrinsic estrogenic activity when measured by
conventional in vitro and in vivo assays for estrogenicity [68—70], with the possible exception of zera-
nol (which is used as a growth promoter in livestock in the United States [71]). Based on intrinsic es-
trogenic potency of these chemicals, it seems unlikely that any of the identified environmental com-
pounds could induce either cryptorchidism, hypospadias, or testis germ cell cancer, and only a tiny
possibility that such compounds could affect sperm counts/sperm production.

We reason this conclusion as follows. For induction of male reproductive tract abnormalities in
male animals, exposure to doses of DES higher than or equal to 50 ng/kg/day are required, and these
are the doses that also induce major suppression of androgen production/androgen receptor expression
[20,58]. Similarly high amounts were administered to pregnant women and were associated with in-
creased incidence of reproductive developmental abnormalities (Table 1), whereas exposure to lower
estrogen doses or to high doses for only short periods did not induce such effects (at least not crypt-
orchidism or hypospadias) [46]. Based on estrogenic potency, human exposure to the most potent en-
vironmental estrogens would need to be >1,000-fold higher than 50 pg/kg/day for adverse effects rel-
evant to the human male to be induced, and such levels of exposure are remote or impossible [69].
Zeranol, in contrast to other identified environmental estrogens, is considerably more potent based on
in vitro tests [71], but even in this case it is inconceivable that exposure in this range due to residues
in meat could occur, as the available evidence points to levels of exposure that are in the pg/kg/day
range, or at the very most the low ng/kg/day range [72,73]. Consistent with this interpretation, we have
been unable to induce “DES-like” reproductive tract abnormalities in rats treated neonatally with zer-
anol at a high dose of 300 ug/kg/day (unpublished data) or with either of two environmental estrogens,
bisphenol A or octylphenol, even when these were administered at levels approximating 37 to
150 mg/kg/day [20,61,74].

In contrast, other studies have reported adverse effects of various environmental estrogens such
as bisphenol A and octylphenol on male rodents. These effects have included impaired
development/proliferation of germ cells and altered steroidogenesis [75-78]. In most studies, relatively
high doses that are probably not relevant to human exposure were used to induce such effects. However,
extremely low levels were used in the studies by vom Saal et al. [79] in which sperm production and
prostate weight were both altered significantly (sperm production downwards) in adulthood in mice
after in utero exposure to levels of bisphenol A in the range 2 to 20 pug/kg. Such “low-dose” effects can
also be induced by 0.02 to 2 pg/kg/day ethinyl estradiol in this model system [80], though it should be
noted that comparable and more detailed studies have been unable to repeat these findings using doses
of bisphenol A in the range 0.2 to 200 pg/kg/day [81,82; reviewed in ref. 70]. In the studies by vom Saal
and colleagues [79,80], it is impossible to account for the effects of bisphenol A in terms of its intrin-
sic estrogenic potency, so an estrogen-independent mechanism of action needs to be invoked, and this
remains to be identified [70]. However, it must be kept firmly in mind that estrogenic or anti-androgenic
environmental chemicals may exhibit other biological activities that might still be relevant to human
health, and some examples of this are discussed below.

Though the disparate findings just described are difficult to reconcile, it is clear that none of the
disorders that comprise the “testicular dysgenesis syndrome” in humans, with the possible exceptions
of reduced sperm counts, have been reported in any study in which an environmental estrogen has been
administered to rats or mice. As has been suggested above, it may be that in humans, exposure to very
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high levels of potent estrogens during a relatively long period of time may induce congenital abnor-
malities such as cryptorchidism and hypospadias, and the animal data are largely consistent with this
hypothesis. Therefore, based on present understanding, it seems unlikely that altered human exposure
to weak estrogenic compounds can account for the possible increasing incidence of male reproductive-
tract disorders, though this must be considered a tentative conclusion. Nevertheless, this does not mean
that exposure to environmental chemicals can be ruled out as being involved etiologically in “testicular
dysgenesis syndrome”, as in utero exposure of rats to certain phthalates has been shown to induce a re-
markably similar constellation of disorders [83—85]. These effects are attributable to impaired testos-
terone production by fetal Leydig cells in phthalate-exposed rats [86]. Such findings, together with the
understanding that lowered androgen production/action (or altered androgen-estrogen balance) are in-
volved in DES-/estrogen-induction of similar disorders, suggests strongly that in the search for envi-
ronmental causes of human male reproductive developmental disorders, the focus should be very much
on factors that can lower endogenous androgen production/ action or on factors that can elevate en-
dogenous (potent) estrogens in the fetus. This assumes that exposure to exogenous estrogens will be in-
sufficient, for reasons argued above. Any factor(s) that can both lower androgen production/action and
elevate endogenous estrogens, thereby drastically altering the androgen—estrogen balance, would be of
greatest concern.

Alteration of fetal androgen production/action during human pregnancy

As has already been discussed, and as illustrated in Table 1, gene mutations or chromosomal disorders
that result in lowered androgen production or action increase the risk of male offspring having one or
more of the disorders that comprise testicular dysgenesis syndrome (Fig. 1). Other than rare genetic
changes, no other causes of lowered androgen production or action in the human fetus have been iden-
tified. However, one important observation is that African-American males have a substantially lower
risk of testis cancer than do Caucasian Americans [27], and there is also a reported three-fold lower in-
cidence of cryptorchidism in African-American babies compared with Caucasian babies [87]. The
demonstration that pregnant African-American women in early gestation have 55 % higher blood lev-
els of testosterone than do pregnant Caucasian women in the United States, when matched for gesta-
tional stage and body weight [88], has therefore been mooted as potentially playing a role in ensuring
“high androgen status in the male fetus” [88]. One study in the United Kingdom has also suggested a
link between low maternal testosterone levels during early gestation and the risk of cryptorchidism in
the male offspring [89]. However, it is not clear what relationship, if any, there is between maternal and
fetal androgen levels during early gestation, though it is clear that overproduction of androgens by the
mother can partially masculinize the female fetus. The factors that might affect maternal androgen lev-
els, other than SHBG (see below) remain to be defined.

A new possibility is that exposure of the pregnant mother to certain phthalate esters might lower
fetal production of testosterone, based on their ability in studies of rats to do this and to cause a syn-
drome of disorders that are similar to those of concern in the human [83-85]. Human exposure to
phthalates is extensive, and recent data (based on measurement of urinary phthalate metabolites), has
identified that a subset of humans may have very much higher levels of exposure than the majority [90].
These are mainly women of reproductive age, and the source of their high exposure remains to be de-
fined. In this subset, exposure ranges up to 160 ug/kg/day [91] whereas the effects in rats have been
demonstrated in the range 100 to 750 mg/kg/day. This suggests that the risk to humans from phthalates
is perhaps more theoretical than real, unless the human male fetus is more susceptible to the testos-
terone-lowering effects of phthalates than is the fetal rat; or differences in the ability of individuals to
absorb, metabolize, or excrete phthalates makes them unusually susceptible to effects of phthalates.
Studies that assess the relative sensitivity in vitro of the rat and human fetal testis to phthalate mono-
esters should help to address this possibility, and such studies are in progress.
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Alteration of fetal exposure to endogenous estrogens during human pregnancy

An obvious way in which exposure of the human fetus to potent estrogens could be increased is via in-
creased bioavailability and, thus, increased transplacental transfer of the enormously high estradiol lev-
els that occur during normal human pregnancy. This is more than a theoretical concern, as it is estab-
lished that first pregnancies or twin pregnancies, when estradiol levels are accepted to be unusually
high, are risk factors for testis cancer and cryptorchidism (Table 1). The bioavailability of estradiol is
determined by three factors:

1. level of production;
levels of sex hormone-binding globulin (SHBG) to which most estradiol and testosterone are
bound; and

3. rate of metabolism/excretion of estradiol.

All three factors are potentially modulable, but the available evidence points to the second and
third possibilities as likely to be the most susceptible to environmental/lifestyle influence. For example,
insulin is a powerful, physiological suppressor of SHBG production, which will increase the bio-
availability of estradiol and alter the androgen—estrogen balance [92]. The Western trend toward obe-
sity and associated insulin resistance (= raised insulin levels) in women could therefore be an increas-
ingly influential factor [93] to consider.

Reduced ability to inactivate or excrete estrogens could be another mechanism via which “preg-
nancy estrogens” might get transferred to the fetus in abnormally high amounts. One possible mecha-
nism is altered inactivation of estradiol via estrogen sulphotransferase (SULT1E1), which is the primary
mechanism via which estradiol is inactivated and excreted [94]. Polychlorinated biphenyls (PCBs) have
been shown to suppress activity of SULT1E1 [95], while another study has shown even more potent
suppressive effects of a range of environmental polyhalogenated hydrocarbons [96]. Human exposure
to PCBs has been widespread, as is that to polyhalogenated hydrocarbons, so these new findings iden-
tify at least one route via which environmental chemicals could affect sex steroid levels or balance in
the fetus, independent of there being any intrinsic hormonal activity in the compounds in question. It
will prove of interest to see whether human exposure to such compounds during early pregnancy can
be accurately determined and related to the occurrence of cryptorchidism or hypospadias in the oft-
spring.

CONCLUSIONS AND FUTURE PERSPECTIVES

Though some of the data regarding the incidence and time trends in human male reproductive develop-
mental disorders are less than robust, the widest perspective indicates that such disorders are extremely
common and are becoming more common, at least in certain countries. Male reproductive health re-
ceives far less attention and healthcare investment than does female reproductive health, yet crypt-
orchidism and hypospadias are the two most common congenital malformations (affecting 2 to 5 % of
boys, many of whom will require surgery), testis cancer is the most common cancer of young men (life-
time risk 0.3 to 0.8 % in most countries), and poor semen quality is the biggest defined cause of cou-
ple infertility and affects 6 to 8 % of men. The recognition that all of these disorders may form a hith-
erto unrecognized syndrome of disorders, “testicular dysgenesis syndrome”, with a common origin in
fetal life [4], has also emerged recently and provides an important focus for research to identify the
pathways involved (Fig. 1). The fact that each of the component disorders of this “syndrome” are im-
portant risk factors for each other (Table 1), and that a similar “syndrome” can be induced in rats by
phthalate exposure, strongly supports this contention. It is becoming increasingly clear that lowered an-
drogen production/action is of central importance in “testicular dysgenesis syndrome”, but it should
also be kept in mind that lowered androgen production/action may itself be only a downstream mani-
festation of an earlier change, for example incomplete differentiation of Sertoli, Leydig, peritubular,
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and/or fetal germ cells with consequent impairment of function. More than one path (cause) may lead
in this direction (Fig. 1).

Research in experimental animals during the last decade has helped to redefine the risk to male
reproductive health from estrogens, and the current perspective is that “environmental estrogens” at
least probably pose little, if any, risk to human male reproductive development, based on their intrinsic
estrogenicity. However, the very fact that an “estrogen hypothesis” was first proposed in the late 1970s
to early 1980s as potentially explaining some cases of testicular cancer and cryptorchidism [33], and
that it can still be restated today (though in somewhat different terms), emphasizes that it must contain
a kernel of truth. The emergence of new data and new mechanisms via which estrogens can induce
cryptorchidism (suppression of InsL.3; suppression of androgen production/action) or hypospadias (sup-
pression of androgen production/action) in experimental animals is exciting, and provides a path for-
ward to even better understanding. This data, coupled with the findings from studies with phthalates,
also emphasizes the important role that experimental studies in animals are likely to play in dissecting
apart the pathways that lead to male reproductive developmental abnormalities. Identifying these path-
ways and their experimental manipulation will provide an important means of pinpointing potential en-
vironmental or lifestyle factors that might impact them, which can then be factored into human epi-
demiological and prospective clinical studies.

If the incidence of testicular cancer is a beacon, then it must be accepted that environmental
and/or lifestyle changes must play an important role in the increasing prevalence of male reproductive
developmental disorders. Although we argue that exposure to environmental estrogens are probably
unimportant in this context, an important new focus should be on chemicals that alter endogenous hor-
mone production, action, or inactivation. Perusal of any clinical endocrinology textbook shows the cat-
astrophic effects when normal endogenous hormonal status of an individual is altered, and male repro-
ductive development provides some prime examples. The discovery that the most ubiquitous and/or
persistent environmental chemicals, DDT/DDE, PCBs, and phthalates, can all perturb endogenous hor-
mones in this way, serves as a timely reminder that the possibility that environmental chemicals play a
role in the aetiology of human male reproductive disorders cannot be dismissed, only redefined.
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