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Summary

The decreasing trends in fertility rates in many industrialized countries are
now so dramatic that they deserve much more scientific attention. Although
social and behavioural factors undoubtedly play a major role for these trends,
it seems premature, and not based on solid information, to conclude that these
trends can be ascribed to social and behavioural changes alone. There is evi-
dence to suspect that changing lifestyle and increasing environmental expo-
sures, e.g. to endocrine disrupters, are behind the trends in occurrence of male
reproductive health problems, including testis cancer, undescended testis and
poor semen quality. These biological factors may also contribute to the extre-
mely low fertility rates. However, the necessary research is complex and
requires non-traditional collaboration between demographers, epidemiologists,
clinicians, biologists, wild life researchers, geneticists and molecular biologists.
This research effort can hardly be carried out without major support from gov-
ernments and granting agencies making it possible to fund collaborative pro-

jects within novel research networks of scientists.

Introduction

Human fertility rates are declining all over the world
(Fig. 1). In some Western countries the rates are far
below the point at which the population can be main-
tained at the current level (Lutz et al., 2003; World Bank,
2005). It is generally assumed that the trends towards
lower fertility rates are because of social and economic
changes, such as better contraception, women’s working
careers, their education, etc. The possibility that biological
factors may now contribute to the declining fertility rates
is rarely considered. However, human infertility rates are
currently very high (Andersen & Erb, 2006) and male
subfertility may be increasing. In this article we shall,
therefore, focus on male reproductive health aspects,
which should also be considered as possible contributing
factors to the recent changes in fertility rates. Our analysis
suggests that we may, in fact, be seeing the signs of mod-
ern lifestyle influence on our reproductive capacity.

Fertility rates

Until the 1990s global overpopulation was a major inter-
national health issue (Diczfalusy, 1996) with fertility rates

as high as 8-10 in some developing countries. However,
during the recent two decades a remarkable drop in fertil-
ity rates has been noticed all over the world, including
both developed and developing countries (Fig. 1) (Lutz
et al., 2003; World Bank, 2005). It is generally assumed
that these trends are because of changed behaviour related
to altered socio-economic policies and women’s participa-
tion in the work force. However, although social factors
without doubt play a role in the changed fertility rates,
the possible contribution of synchronous adverse biologi-
cal factors causing a deterioration of reproductive health
has not been ruled out. In fact, the dramatic fall in fertil-
ity rates in several developing countries (Rosenfield &
Schwartz, 2005) seems difficult to explain by increased
use of contraceptives alone. It was suggested that the fall-
ing pregnancy and abortion rates among teenagers in the
US were due to better use of contraception and increased
sexual abstinence among teenagers (Donovan, 1998).
However, similar trends in developed European countries
are difficult to explain as there were no apparent changes
in use of contraception or sexual habits among these
young age groups during the same period (Jensen et al.,
2002). In some eastern European countries, like Russia
and some Baltic states, the recent low fertility rates may
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Figure 1 Changes in fertility rates in devel-
oping and industrialized countries. The green 0-
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be explained by very high abortion rates. However, in
industrialized countries, where the fertility rates in some
areas are as low as 1.1-1.5, there has been a concomitant
fall in abortion rates during the period of falling fertility
rates. Thus, we cannot exclude that reduced fecundity can
contribute to the extremely low fertility rates.

High demand for infertility treatment

A possible sign of decreasing reproductive health is the
high demand for infertility treatment, which includes
intracytoplasmatic sperm injection (ICSI), in vitro fertil-
ization (IVF), and insemination with partner’s or a
donor’s semen. In Denmark, assisted reproduction contri-
buted significantly to the number of children born during
recent years. During 2002-2004 more than 6% of Danish
children were born after assisted reproduction (Andersen
& Erb, 2006). In addition, many couples adopted foreign
children. Thus, a total of approximately 7% of all Danish
children born during the last few years were not con-
ceived ‘naturally’. The underlying pathologies include
female as well as male factors. However, a high demand
for ICSI (Andersen & Erb, 2006) reflects the existence of
a significant number of couples with predominantly male
infertility factor, caused in most cases by testicular failure
and poor semen quality.

Figure 2 Examples of smears of semen
samples with (a) good quality (18.5%
morphologically normal spermatozoa) and (b)
poor quality (0.05% normal spermatozoa).
Men having <9% morphologically normal
spermatozoa are considered to be in a B e
subfertile range (Guzick et al., 2001). 67% of -~ ® o
normal young Danish men have <9% normal )
spermatozoa. RC, residual cytoplasma; A, _"‘7 : ’
abnormal sperm head. '
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Poor semen quality of young men in the general
population in some countries

Results of a coordinated European research effort revealed
that Danish men were among those with the poorest
semen quality in Europe (Andersen et al., 2000; Jorgensen
et al., 2001; Jorgensen et al., 2002). These studies attrac-
ted attention of the Danish Government, which supports
ongoing systematic surveillance studies of semen quality
of young men from the general population. Using WHO
criteria and other international standards we have conclu-
ded that as many as 30% of young Danish men may have
semen quality in a subfertile range, and more than 10%
may be in the infertile range (Jorgensen et al. 2006;
Fig. 2). The Danish studies were coordinated with similar
studies in other Baltic countries, including Finland and
remarkable differences in semen quality were found; the
Danish men had lower sperm counts and less sperms with
normal morphology. Our recent data are in concert with
earlier studies from our and other groups suggesting that
there has been a trend towards lower sperm counts dur-
ing the last century (Carlsen et al, 1992), although the
topic is complex (Aitken et al., 2004) and still considered

controversial by some investigators (Jouannet et al,

2001).
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Increasing rates and evidence for a developmental
origin of testis cancer

Testis cancer, which is the most common malignancy in
young males between 20 and 45 years of age has been ris-
ing in incidence in western industrialized countries dur-
ing the past half century (Moller, 1993). The trend has
been very consistent among Caucasian populations
although significant geographical gradients exist, e.g. the
Danish incidence is four to five times higher than the
Finnish rate (Richiardi et al., 2004). The most recent epi-
demiological studies report that incidence rates may begin
to level off in some developed countries (Purdue et al.,
2005). These observations may be of great importance in
relation to other reproductive health aspects in industrial-
ized populations, as testicular cancer seems to be an
important biomarker of testicular development and
fecundity. Although the aetiology of testicular cancer
remains unknown, there is growing evidence for the
importance of impaired foetal gonadal development and
function. Our previous studies on the common precursor
cell, carcinoma in situ (CIS), suggested that aetiological
factors would operate during development of the primor-
dial germ cell in foetal testes (Skakkebak et al, 1987).
During the subsequent years, this hypothesis was suppor-
ted by numerous studies showing a gonocyte-resembling
phenotype and stem cell like properties of the CIS cell
(Rajpert-De Meyts & Skakkebak, 1994; Rajpert-De Meyts
et al., 1996; Rajpert-De Meyts et al., 1999; Almstrup et al.,
2002; Looijenga et al., 2003; Almstrup et al., 2004; Hon-
ecker et al., 2004; Hoi-Hansen et al., 2004).

Early studies by Berthelsen (1984) demonstrated that
the contralateral testis in patients with testis cancer often
showed signs of malfunction both with regard to sperma-
togenesis and hormone production. Both ipsilateral and
contralateral testes had frequently impaired spermatogen-
esis, such as Sertoli cell-only pattern, spermatogenic
arrest, microcalcifications, seminiferous tubule atrophy or
tubules with CIS. Several subsequent reports confirmed
the association between testis cancer and poor semen
quality (Fossa et al., 1993; Giwercman et al., 1993; Peter-
sen et al., 1999; Jacobsen et al., 2000) Finally, a case—con-
trol study showed that males with testis cancer had
significantly lower fertility rates 2 years prior to develop-
ment of the testicular tumour (Moller & Skakkebak,
1999). Taken together, these studies also may explain the
apparent synchrony of frequencies of testicular patholo-
gies, such as testis cancer and poor semen quality and
also explain the remarkable difference in male reproduc-
tive health between Denmark and Finland. They are also
in line with the assumption that testis cancer and oligo-
zoospermia may be symptoms of one underlying syn-
drome caused by a common pathogenetic factor.

N. E. Skakkebaek et al.

Evidence of increasing rates in congenital genital
abnormalities

The striking difference in the incidence of testis cancer
between Denmark and Finland inspired us to launch sys-
tematic birth cohort studies in both countries in order to
establish the prevalence of cryptorchidism and hypospa-
dias, conditions which carry an inherent increased risk of
testicular neoplasia and for which no good registry data
existed (Toppari et al., 2001). As we expected, we not
only found significantly higher incidence rates of these
disorders in Denmark than in Finland, but also, surpris-
ingly, the Danish rates turned out to be higher than those
found in a previous, similar study in Denmark in the
1960s (Boisen et al., 2004; Boisen et al., 2005b; Figs 3 &
4). This finding was consistent with the simultaneous rise
in the incidence of testicular cancer and suggested that a
common pathogenic factor associated with both diseases
increased its impact during the most recent four decades.

Testicular dysgenesis syndrome

Recently, we proposed that testicular cancer, male infertil-
ity, hypospadias and undescended testis may all be symp-
toms of one underlying pathology, namely a testicular
dysgenesis syndrome (TDS) (Skakkebak et al., 2001). The
evidence for the existence of the syndrome is partly of
biological nature, partly epidemiological.

Biological evidence

During our microscopy work on testicular biopsies from
patients with fertility problems, undescended testis, and
on contralateral testicular biopsies from men with testis
cancer, we have detected changes in the testicular archi-
tecture that most likely represent dysgenesis (Fig. 5).
These changes include dysplastic tubules with
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Figure 3 Differences in prevalence of genital abnormalities between
Denmark and Finland (from Boisen et al., 2004; Boisen et al., 2005a).
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Figure 4 Schematic representation of pathogenetic links between the components of the clinical manifestations of testicular dysgenesis syndrome

(from Skakkebaek et al., 2001).

Figure 5 Examples of testicular dysgenesis
syndrome in andrological patients. The three
first images show distored and undifferentiated
tubules with immature Sertoli cells in different
patients with infertility: note variable grade of
differentiation of Sertoli cells in (a), formation
of microliths in (b) (marked with arrows) and
the lack of proper differentiation of tubular
membranes in (c) (PAS staining). (d) Tubules
with undifferentiated Sertoli cells and CIS cells
(CIS nuclei marked with immunohistochemical
staining for AP-2y). The two bottom images
show a patient with testicular microlithiasis in
the scrotal ultrasound (e), who was diagnosed
with CIS in the surgical biopsy (f): note a large
microlith in the vicinity of tubules with CIS.
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undifferentiated Sertoli cells, Sertoli cell-only tubules, in-
tratubular microliths (microcalcifications), and sometimes
CIS cells (Hei-Hansen et al., 2003). The changes are
somewhat similar to those present in gonadoblastoma in
patients with 46, XY pure gonadal dysgenesis (Scully,
1953; Scully, 1970). The demonstration of histological
association between microcalcifications and CIS cells has
turned out to be of clinical value, as the presence of
ultrasonic microliths in the contralateral testis of a patient
with testis cancer is associated with increased risk of testi-
cular neoplasia and therefore strengthens the indication
for testicular biopsy for early detection of CIS (Lenz
et al., 1987; Rajpert-De Meyts & Skakkebaek, 1999; Holm
et al., 2002; Holm et al., 2003).

Epidemiological evidence

The epidemiological evidence concerning the geographical
trends in male reproductive health problems has already
been mentioned. There is also overwhelming epidemio-
logical evidence that testis cancer, undescended testis,
hypospadias and poor semen quality are risk factors for
each other (Sharpe & Skakkebek, 2003). Obviously, male
infertility is a very heterogeneous disorder and can be
caused by a number of factors, including postnatal infec-
tions, accidents, chemotherapy, genetic aberrations caus-
ing meiotic arrest and many others. However, in most
cases of male infertility no apparent known aetiological
factor can be revealed (Skakkebezk et al., 1994). We sus-
pect that the impairment of spermatogenesis in this sub-
group of infertile men may, in fact, often be the result of
testicular dysgenesis during foetal life.

A few studies have examined the effect of mothers’
smoking in pregnancy on semen quality in the offspring
(Ratcliffe et al., 1992; Storgaard et al., 2003; Jensen et al.,
2004b). Two of them found reduced semen quality of the
sons (Storgaard et al., 2003; Jensen et al, 2004b)
although, in utero exposure to smoking could not explain
the geographical difference in semen quality between the
countries.

The epidemiological literature is in agreement with bio-
logical evidence that testicular cancer may also originate
from pre- or perinatal pathological events (Skakkebak
et al., 1987). There are several pieces of evidence that foe-
tal events are of utmost importance for development of
testicular cancer: (i) the peak incidence of testis cancer is
in young men suggesting an early onset of the disease
(Moller, 1993), (ii) perinatal environmental events (like
World War II) have been shown to be related to the
occurrence of the disease (Moller, 1989) and (iii) pre-
and perinatal exposures and mothers pregnancy health
problems increase the risk of developing testicular cancer
in young adulthood (Weir et al., 2000; Hemminki & Li,
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2002; Hemminki ef al., 2002) and, (iv) maternal expo-
sures to environmental chemicals have been associated
with testis cancer in sons (Hardell et al., 2003).

All these facts, biological as well as epidemiological,
gathered over the past decades of research, are in line
with the hypothesis that testis cancer (seminoma as well
as non-seminoma) is of foetal origin and, importantly,
testis cancer may serve as a most useful biomarker of
male reproductive health. As a matter of fact, societies
with high and increasing rates of testis cancer should con-
sider the testis cancer statistics as a ‘writing on the wall’
that a significant and increasing subgroup of that popula-
tion may be suffering from bad reproductive health. The
quite dramatic increase in testis cancer over a couple of
generations suggests that the adverse trends are caused by
environmental exposures associated with modern life
rather than genetic changes. In our search for these fac-
tors we should focus on environmental effects on preg-
nant women and the developing foetus.

TDS and endocrine disrupters

There is growing concern that exposure to endocrine dis-
rupters may contribute to rising prevalence of TDS in the
male population. Although the endocrine disrupter hypo-
thesis was initially established on basis of a possible
mechanism by which oestrogenic compounds might affect
the developing gonad, more recent research have dis-
closed that agents with anti-androgenic effects might sig-
nificantly contribute to TDS-like symptoms in animal
experiments (Foster et al, 2001; Fisher et al., 2003).
Examples include phthalates and some pesticides
(Table 1). Particularly the data on phthalates are currently
of concern as we know that newborn babies sometimes
are exposed to considerable daily doses of phthalates via
breast milk (Calafat et al., 2004; Mortensen et al., 2005),

However, the search for the possible role of environ-
mental factors, including endocrine disrupters in patho-
genesis of TDS is extremely complex. Modern life
includes many uses and misuses of a number of con-
sumer items, which may be contaminated with a mixture
of a very high number of chemicals and natural products
with adverse effects. Many of these exposures are obscure,
e.g. residuals of pesticides, phthalates and other chemicals
in breast milk. Some of these chemicals, e.g. PCBs, DDT
and its metabolites accumulate in the body, often in fat
tissue and are persistent, while other agents, such as some
phthalates seem to have a rather short half-life in the
body.

Thus, although there are quite convincing experimental
animal data and wild life data that endocrine disrupters
may cause disruption of the male reproductive system
(Jobling & Sumpter, 1993; Guillette, 1994), hitherto few

© 2006 The Authors
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Table 1 Examples of endocrine disrupters

Human fecundity declining?

Plasticizers (Mahood et al., 2006, Foster, 2006)

Denaturants in cosmetics (evidence for endocrine disruption
still weak; Lottrup et al., 2006)

Preservatives (in food and cosmetics) (Oishi, 2002; Gomez et al.,
2005)

Surfactants (Toppari et al., 1996)

Resins used in dental sealings (Wada et al., 2004)

UV-filters (sunscreens) (Schlumpf et al., 2004; Morohoshi et al.,
2005; Suzuki et al., 2005)
Pesticides and other agrochemicals (Toppari et al., 1996;

Earl Gray Jr et al., 2006; Vinggaard et al., 2006)
Phytoestrogens*

DBP (dibuthyl phthalate), DEHP (di(2-ethylhexyl) phthalate),
DINP (di-isononyl phthalate)
DEP (diethylphthalate), MEP (dimethylphthalate)

Buthylparaben, propylparaben

Bisphenol-A (and isomers), Nonyl- and octylphenol

(and isomers)
HMBP (2-hydroxy-4-methoxy-benzophenone),

DMPA (2,2-dimethoxy-2-phenyl-acetophenone)
3-(4-methylbenzylidene)-camphor, hydroxylated benzophenones

DDT and DDE, dieldrin, methoxychlor, endosulfan, vinclozolin,
prochloraz
Genistein, coumestrol, chrysin, lignans

*Although they are fairly potent oestrogens, phytoestrogens have properties that distinguish them from the synthetic estrogenic and anti-andro-
genic chemicals, and investigations suggest that they may have beneficial effects and therefore probably should not be considered as endocrine

disrupters (Almstrup et al., 2002; Cornwell et al., 2004).

reports on adverse effects of endocrine disrupters in
humans have been published (Hardell et al., 2003).

Genetic aspects of TDS

In our opinion, environmental factors must play a pri-
mary role behind the observed adverse trends in the
male reproductive health problems, which have
occurred over a relatively short period of one or two
generations. However, there are marked geographical
and ethnic differences in prevalence of testis cancer and
other reproductive problems (Clemmesen, 1981; Moller,
1993). The presence of familial cases speaks also for the
importance of genetic background (Weissbach &
Widmann, 1986; Lutke Holzik et al,, 2004). Compelling
evidence has proven that Y chromosome aberrations,
including chromosome aneuploidy and interstitial dele-
tions cause male infertility or subfertility (Reijo et al.,
1996; Krausz et al, 2001; McElreavey & Quintana-
Murci, 2003). Some genetic polymorphisms of the Y
chromosome have been linked to decreased spermato-
genesis and it is possible that these polymorphisms may
render the carriers more susceptible to develop symp-
toms of TDS (McElreavey & Quintana-Murci, 2003).
Also mutations in the androgen receptor gene have
been associated with poor testicular development and
function, including hypospadias, subfertility and germ
cell neoplasia (Giwercman et al., 2000). Some frequently
occurring polymorphisms of the androgen receptor gene
have been associated with male genital malformations
(Giwercman et al.,, 2000; Lim et al., 2001; Aschim et al.,
2004) and it is possible that they may contribute to
the increased risk of testis cancer, although our own

© 2006 The Authors

study has not found such an association in the Danish
population (Frydelund-Larsen et al., 2003).

In addition, there is no doubt that 46, XY pure gonadal
dysgenesis and 45,X/46,XY are linked to persistence of
gonocytes in the abnormal gonads with risk of develop-
ment into CIS, gonadoblastoma and even frank germ cell
tumour in these rare cases of genetic diseases. It is also
well documented that undescended testis in rare cases
may be the result of mutations in the INSL3 gene (Ferlin
et al., 2003; Wilson et al., 2004) Thus, there are without
question also genetic components in the pathogenesis of
all components of TDS, including testis cancer, male
infertility, cryptorchidism and hypospadias.

Obesity and other lifestyle factors

Besides possible environmental effects causing dysgenesis
of the developing testis there is growing evidence that
obesity and sedentary occupation (Andersen et al., 2000;
Jensen et al., 2004a; Magnusdottir et al., 2005) may play a
role for male infertility. We found evidence that semen
quality among over- and underweight young men from
the general population was lower than among normal
weight men (Jensen et al., 2004a). As there has been an
epidemic increase in obesity in the western world during
the past decade, obesity may be a contributing explan-
ation to the decline in semen quality.

In addition, modern civilization has changed many
other aspects of daily life, which potentially could affect
the development and function of the male gonads. One
report has suggested that the use of disposable plastic
lined nappies can increase the scrotal temperature of baby
boys significantly and thereby potentially interfere with
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testicular function in adult life. Only well-planned long-
term follow-up studies will be able to test this hypothesis
(Partsch et al., 2000).

Conclusions

® The decreasing trends in fertility rates in many indus-
trialized countries are now so dramatic that they deserve
much more scientific attention.

® Although social and behavioural factors undoubtedly
play a major role for these trends, it seems premature,
and not based on solid information, to conclude that
these trends can be ascribed solely to social and beha-
vioural changes.

® There is evidence to suspect that changing lifestyle and
increasing environmental exposures, e.g. to endocrine dis-
rupters, are behind the trends in occurrence of male
reproductive health problems, including testis cancer, un-
descended testis and poor semen quality. These biological
factors may also contribute to the low fertility rates.

® However, the necessary research is complex and
requires non-traditional collaboration between demogra-
phers, epidemiologists, clinicians, biologists, wild life
researchers, geneticists and molecular biologists.

® Such a research effort can hardly be carried out without
major support from governments and granting agencies
making it possible to fund collaborative projects within
novel research networks of scientists.
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