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Abstract

Human reproduction is highly inferior by mammalian standards.
This is manifest as: (i) poor semen quality; (ii) a lower probability of
conception; (iii) an increased risk of aneuploidy embryos (e.g. Down
syndrome); (iv) a high risk of embryonic loss (early miscarriage);
and (v) the recent rise of germ-cell testicular cancer, which occurs
in few non-human mammalian species. Review and synthesis of
the evidence from several distinct research areas reveals a shared
pathogenesis underlying at least some cases of all of them. This
involves an intergenerational process, starting with DNA damage
to round spermatids. DNA repair in the oocyte is faulty, leading
to abnormal chromosome structure in the surviving embryos.
This is amplified during meiosis due to delayed synapsis, leading
to cellular disorganization. This mechanism also explains the
association of aneuploidy with maternal age: structural mismatch
between maternal and paternal chromosomes reduces the number
of crossovers, making segregation errors more likely.

Spermatid DNA damage can be initiated by numerous chemical
agents, including ubiquitous ones. However, the leading candidate
to explain these observations is heat, as it best fits the descriptive
epidemiology. Intra-testicular temperature is higher among men
in cool climates wearing trousers than among men in the tropics
wearing loose garments; and the twentieth-century rise in sedentary
occupations could explain the rise of testicular cancer.
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The Decline of Man

During the twentieth century, major adverse changes were
observed in the reproductive systems of men in some populations,
notably the rise of testicular cancer. In addition, there is reason to
believe that even before these developments, reproduction in humans
was inferior to that of other mammals, and included a high frequency
of genetic abnormalities; this affects both sexes.

The male changes may be regarded as a sentinel event for the
wider human impairments, as well as providing a clue that helps in
understanding the mechanisms at work. The purpose of this paper is
to explain how genetics and reproduction are specifically impaired
in humans. This builds on a previous synthesis of the evidence on
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the recent/current problems affecting the male reproductive system,
and an explanation of these phenomena, which is the starting point
of this paper.

It is not suggested that all abnormalities of the human
reproductive system have the same origin — for example there are
clearly many causes both of male and female subfertility - but rather
that there is a widespread pathogenetic process that can have many
different manifestations. The present paper outlines this pathogenesis
and the evidence for it, and then examines what etiology could have
brought it into being.

These different manifestations are usually seen as separate issues,
and are studied in different sub-disciplines that normally remain in
unconnected silos. However, when the totality of the evidence across
sub-disciplines is reviewed and synthesized, it becomes clear that
these apparently distinct manifestations have a common origin. The
relevant sub-disciplines include epidemiology, genetics (including
genetic epidemiology and population genetics), cell cycle research,
and clinical research. In a synthesis of this kind, it is clearly not
feasible to approach this task with a systematic literature review. The
possibility therefore exists that some degree of bias may be present.

In order to elucidate a phenomenon of this kind, it is necessary to
consider the range of different types of observation that are relevant.
By bringing these diverse items of evidence together, it is possible
to build up a clear description of the main features of what needs
to be explained - the explanandum. Once this has been made as
clear as possible, one can consider the evidence on how these bodily
changes have occurred - the pathogenesis; and also, what may have
initiated these changes - the etiology. All three aspects clearly need to
correspond with each other, and each can act as a clue for the others.
It is important to be clear that to explain the phenomenon, it is not
enough merely to find an association of one of the outcome variables
with an agent; it needs to have a sufficient magnitude of effect, and
to correspond with what is known about the spatial and temporal
distribution as well as the magnitude of the exposure. These points
may seem obvious, but they have not informed all of the literature
that covers the relevant areas of research, a topic to which I will return.

The Explanandum

The best established change in the male reproductive system is the
rise of germ-cell testicular cancer. This affects men usually between
the ages of 20 and 45 years, and was virtually unknown until the late
nineteenth century, when it began to increase in England and Wales
[1]. It then rose in other European countries [2], starting in men born
around 1905 (Figure 1) [3]- a birth cohort perspective is appropriate,
because it is well established that the tendency to testicular cancer
originates before birth [4], and there is some epidemiological
evidence that reinforces this [3]. The magnitude eventually increased
to the point where the lifetime risk in the most affected countries,
Denmark and Norway, reached almost one percent, in men born
around 1960 [5]. A similar but lesser increase has been seen in
populations of European descent elsewhere in the world, and also
among Polynesians (e.g. Maoris), but other populations have been
far less affected if at all, including inhabitants of China and Japan, as
well as African Americans [5]. The disease remains rare in the tropics.

ScﬁTechnol All articles published in Journal of Genital System & Disorders are the property of SciTechnol, and is protected by copyright

International Publisher of Science,
Technology and Medicine  :

laws. Copyright © 2016, SciTechnol, All Rights Reserved.



Citation: Joffe M (2016) What is Wrong with the Human Reproductive System?. J Genit Syst Disor S2.

A B
-
v
w
Y :
e pdpf s
= f;)) a‘.; f 3
= } ¥ &
/

1880 1900 1920 1940 1960 1980 1880 1900 w20 1960 1960 1960

Year of birth Yeor of birth

Figure 1: Trends in testicular cancer incidence in six European countries,
age-adjusted, relative to 1905=100, by year of birth [3].

It only occurs in a few mammalian species other than humans, e.g.
in dogs.

Germ-cell testicular cancer appears to be a severe form of a
condition that is more widespread. Men with testicular cancer have
lower fertility even before they develop the disease [6], and there are
pathophysiological similarities [7].

Semen quality has also been subject to debate and research,
particularly focused on the question of whether there was a worldwide
decline sometime in the second half of the twentieth century [8,9],
which remains controversial [10]. This literature includes studies
of candidates for semen donation, which are comparatively reliable
because this is a relatively unselected group - or at least, the selection
factors are unlikely to change greatly over time - and laboratory
methods of assessing semen quality within each clinic can be argued
to be fairly stable over time. Such studies have shown a decline in
sperm concentration in some places [11-13] but not others [14-16]
during the 1970s and 1980s. Interestingly, in the places where sperm
concentration fell, there was also deterioration in quality, affecting
both motility and morphology. This timing could correspond to a birth
cohort effect, relating to men born after about 1950. This is probably
the appropriate viewpoint, because defective spermatogenesis is
a lifelong tendency (apart from specific types of damage due to
e.g. mumps or trauma) that is set early in life. In fact, each man
with oligoasthenoteratospermia (OAT, a combination of reduced
concentration, impaired mobility and abnormal morphology) tends
to have a characteristic pattern of disturbance of spermatogenesis
[17-19], which one can loosely describe as a “fingerprint” [20].

One of the intriguing features both of testicular cancer [21-24]
and of impaired spermatogenesis [25-31] is that there is evidence of
some degree of heritability. Most cases are not inherited, but once
a case has occurred subsequent male relatives are at increased risk.
It is intriguing because in evolutionary terms, a “gene for infertility”
should quickly disappear [20], and also because the heritability
coexists with strong evidence of an environmental component, from
migrant studies [32] as well as because of the rapid time trends. This
coexistence can be interpreted in various ways, but the one that best
fits the observations is that an environmental factor has increased the
frequency of damage to the genetic apparatus, and that this can then
be passed on to the next generation [20]. In addition, the brother-
brother link is stronger than the father-son association in testicular
cancer, suggesting either an additional maternal factor (as discussed
in the cited literature), or alternatively that the father passes on a
more severe impairment to his son than he himself has experienced.
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This links with another set of observations. Whilst testicular
cancer may be relatively new, some other disorders are apparently
part of the human condition. Reproduction is relatively impaired in
humans, in several respects. Semen quality is greatly inferior to that
of other mammals, in terms of quality as well as quantity [33,34].
Fecundability (the probability of conception) is also low [35,36].
Moreover, humans have an increased risk of embryonic loss [37-
39], and the embryos are far more liable to aneuploidy, together with
mosaicism [40-43]; these are connected, as genetically abnormal
embryos are far less likely to continue to term.

Clearly these are not all features of male reproduction: reduced
fecundability can be due to female as well as male factors, and most
embryonic aneuploidy is female-mediated, except for that involving
the sex chromosomes [44]. There are some additional specifically
female observations: ovarian cells from apparently normal female
fetuses exhibit mosaicism, with a varying proportion containing an
extra chromosome 21 [45]. I will return to the question of women
later.

A final observation is that it is unclear what “human” means in
this context. Almost all the studies have been conducted on people
who live in modern societies, implying that we do not really know
whether the unique features listed here are biological species-specific
characteristics, or whether they are socio-historical, perhaps cultural,
features that are relatively recent in evolutionary terms, and may not
in fact apply to all of humanity.

The evidence, taken together, suggests a longstanding impairment
of the human reproductive system [46]. It also suggests the possibility
that this became exacerbated in some populations a little more than
a century ago, giving rise to germ-cell testicular cancer [46]. The fact
that we are dealing with human specificity means that any findings
from animal models need to be examined critically, as they may not
be transferable to humans.

Pathogenesis

I will start by outlining some features of the pathogenesis of
testicular cancer, and then explore to what extent similar processes,
albeit less severe, could explain at least some of the other features of
human reproductive-system impairment. This account has already
been outlined elsewhere in relation to testicular cancer and OAT
[20,46], but without exploring the wider implications.

The reason that the tendency to testicular cancer originates in early
life is that the testicular germ cells of affected infants are characterized
by aneuploidy and a block in differentiation — carcinoma-in-situ
(CIS) [47-49] - which is already present at birth. The testes are not
homogeneous: each affected tubule has its own characteristic pattern
and severity of abnormality [49]. The contralateral testis also has an
increased risk of CIS, indicating a more widespread disturbance. This
heterogeneity suggests mosaicism, arising from an unstable genome.

When cancer arises twenty or more years later, it is surrounded by
CIS tissue, indicating that the tumour arose in one of the CIS tubules
[49]. The transformation to malignancy involves a deregulated cell
cycle [50], and structural chromosome abnormalities and hyperploid
[51].

The difficult question is, how does CIS arise in the embryo/fetus?
In principle, it could be caused by a normal zygote becoming impaired
in some way during pregnancy (a gestational issue), and/or from the
progression of an already-existing zygotic abnormality (a genetic one)
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[20]. I argue that it is more likely that a zygotic abnormality is already
present at the time of conception, and that this in turn ultimately
arises from fertilization by a sperm with chromosomal impairment in
a previous generation, because this hypothesis unifies a large number
of disparate observations. This evidence is outlined in the remainder
of this section.

Zygotes that result from fertilization by a sperm with DNA
damage undergo DNA repair, a process that is controlled by the oocyte
[18]. Crucially, this is often faulty, so that the embryo has structurally
abnormal chromosomes [18]. (The oocyte’s repair capacity varies
10-fold between populations [18], which could be relevant to the
ethnic variations in testicular cancer - research is needed on this.)
The relevance of structural abnormality in chromosomes is indicated
by the observation that embryos resulting from IVF when there is
a severe male-factor problem are subject to cellular abnormalities.
These include cell cycle delay, centrosome amplification, distorted
cellular architecture and an abnormal spindle, chromosome mis-
segregation and aneuploidy [52,53].

There is further evidence for the role of DNA structural
abnormalities in at least some cases of male-factor infertility. Sperm
DNA fragmentation is associated with infertility [54] and with early
pregnancy loss [55]. Sperm chromosome aneuploidy is associated
with recurrent miscarriage [56]. Nevertheless, fertilization can
occur despite this impairment, and the fetus may well survive - and
the consequences are driven by the damaged survivors. Synapsis,
the coming together of the maternal and paternal homologous
chromosomes in early meiosis, is abnormal in the spermatogenesis of
infertile men [57-60]. In addition, the outcome of the ICSI procedure
(Intra-Cytoplasmic Sperm Injection) is greatly improved by selection
of spermatozoa having a smooth, symmetric and oval configuration,
with no extrusion or invagination of the nuclear chromatin mass
[61,62] - in other words, cellular architecture that is relatively
undistorted.

The same is true of embryos. In the context of IVF, a population
characterized by severe subfertility, relatively high implantation rates
are seen with embryos that have an even, rounded shape, and also with
those having more cells (i.e. less delay in cell division) [63,64]. There is
now abundant evidence that phenomena related to the pathogenesis
described here, such as abnormal division patterns, fragmentation
and developmental arrest, adversely affect the formation of good-
quality blastocysts and subsequent development [65-67].

The next stage of the pathogenic process occurs at meiosis,
which is far more sensitive than mitosis. It starts with pairing of the
maternal and paternal chromosomes. If the two chromosomes do
not have an identical structure, irregularities such as unpaired loops
occur [68,69]. The consequence is that the next stage, synapsis, is
delayed by the process of synaptic adjustment (Figure 2) [68,69]. The
cell cycle delay may then lead to centrosome amplification, with loss
of the normal cellular architecture and possible aneuploidy [52].

Such cellular disruption can trigger apoptosis. This would cause
loss of sperm cells, and therefore low sperm concentration. The
disrupted cellular architecture of the surviving spermatozoa could be
the source of abnormalities of morphology and motility. Thus, the
three components of OAT could be due to DNA structural alterations
stemming from synaptic delay and the ensuing abnormal spindles.
Whilst the abnormal spermatogenesis of some men could result
from damage to their own spermatozoa, the lifelong tendency to
subfertility and low semen quality that is typically seen in infertile
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men is plausibly a consequence of disordered meiosis due to a
structural mismatch between their paternal and maternal DNA, from
a faultily repaired zygote — an abnormality that was already present
shortly after conception. It is trans-generational.

To summarize (Figure 3), my explanation is that DNA strand
breaks in the F generation give rise to DNA strand mismatch in the
zygote (F)); when spermatogenesis in the F, generation commences
at puberty, meiosis characterized by delayed synapsis ensues, leading
to cellular disorganization, which affects semen quality throughout
life. The degree of chromosomal instability is insufficient to cause CIS
in the F, generation, but in the F, generation a more severe degree
occurs which can do so [20].

In each generation, I suggest that meiosis exacerbates the pre-
existing abnormality because the structural mismatch increases.
However there would be an upper limit to the severity of the cellular
disorganization at the clone level, because beyond a certain point
of chromosomal instability, the cell would not be able to continue
beyond a checkpoint or other quality-control mechanism such as
fertilizing capacity - it would disappear (Figure 4). The process is
akin to natural selection, with the main pathological features being
driven by the damaged survivors [20]. Once established in one
individual, this process is transmitted to male offspring, explaining
the observations outlined above on heritability but with most cases
being newly arising.

This account is supported by the fact that the centrosome is
paternally inherited in most mammals, including humans (but not
in rodents), so that the disordered cell structure is passed down
the male line [52]. Each clone would be differently affected by the
chromosomal instability, a scattergun, giving rise to a particular
persisting pattern of abnormality; this explains the observation of
a characteristic “fingerprint” in relation to spermatogenesis, and a
similar heterogeneity among the tubules of CIS [20]. This is the origin
of the observed mosaicism. Germ cells are the target tissue of this
process, so it is unsurprising that the testes of affected individuals
contain Sertoli-cell only tubules that are entirely devoid of germ cells

[7].

In addition, the account accords with the observation that
breaks and fragments are relatively frequent in the sperm of healthy
men (over 75% of all chromosomal aberrations); duplications and
deletions are less common (5-13%); and aneuploidies less frequent
still (1-3%) [17,70]. And it explains the ubiquity of duplications and
deletions and copy number variations in the human genome [71-73],
i.e. “old” structural changes that have persisted.
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Figure 2: Impaired pairing in meiosis [68].
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Figure 3: Main causal pathways in the male line [20].
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Figure 4: The hypothesized spectrum of severity.

One implication is that as duplications and deletions accumulate
in the human genome, reproduction involving partners from
very different populations would be less successful because of the
mismatch of their DNA structure. There is some evidence for this:
the greatest reproductive success, measured by the number of
grandchildren, has been observed in couples who were third or fourth
cousins [74,75]. This indicates that genetic similarity (inbreeding)
and genetic distance (structural incompatibility) are both associated
with reduced inclusive fitness, with an optimum somewhere between.
A second implication is that the increased instability of the genetic
process in humans could have led to faster biological evolution.

Possible etiology

According to this account, the whole process is started by DNA
strand breaks in the F generation. It has long been known that
round spermatids are particularly susceptible to this type of damage
[76]. Also, DNA repair is absent or greatly impaired at this stage of
spermatogenesis [18].

There is a large literature on sperm DNA damage (reviewed
in Lewis et al. [54]). Tests include the Comet assay, SCSA (sperm
chromatin structure assay), the sperm chromatin dispersion (“Halo”)
test, the TUNEL assay, and DNA adduct analysis. There is strong
evidence for an impact on impaired fertilization, with odds ratios
higher than 50 in some cases, and for disrupted pre-implantation
embryo development, miscarriage, and birth defects in the offspring.
Sperm DNA damage is not predictive of the immediate outcome of
ICSI, but early pregnancy loss is increased, which is compatible with
the idea that oocyte DNA repair occurs but is faulty. In general, this
literature does not routinely distinguish between damage to current
spermatogenesis and that which is a pre-existing person-specific
feature of a person’s sperm production - corresponding respectively
to a period effect and a birth cohort effect in epidemiological terms.
However, a test such as DNA adducts analysis would be specific for
the former.

Sperm DNA damage is thought to be generally a result of oxidative
stress, which itself can be caused by a wide variety of factors. These
include age, smoking, alcohol, phthalate esters, exposure to radio-
frequency electromagnetic radiation, genital tract inflammation,
paracetamol, acrylamide, and heat [54]. All of these are exposures that
could affect a large proportion of the population. There is no specific
evidence relating to any of these, and unfortunately it is difficult
to study paternal exposures of these types, except perhaps age at
fatherhood, and even more so to study such exposures occurring two
or more generations before a case of testicular cancer. Spatio-temporal
patterns may suggest that some are implausible, e.g. phthalate esters
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which are of rather recent origin, whereas others might fit better with
the epidemiological observations. For example, acrylamide is present
in many foods, especially starchy food cooked at high temperatures
such as potato chips and crisps [77,78], and their consumption has
increased over the period relevant to the rise of testicular cancer; also,
the metabolism of acrylamide may be ethnically highly variable [79].

Heat is a particularly interesting possibility: it is highly damaging
to sperm DNA, even at temperatures that are commonly encountered
[80,81]. Men living in temperate or cold climates tend to have a higher
intra-testicular temperature than those living in the tropics who wear
traditional clothing, due to the effect of trousers [82]. A more recent
exacerbation has occurred due to the increase in sedentary living,
which further raises the intra-testicular temperature [82,83]. A useful
recent review of testicular heat stress can be found at [84].

In the past twenty years, the dominant hypothesis concerning
impairment of the male reproductive system has been endocrine
disruption. The idea was that exposure in early life to environmental
chemicals, initially suggested to be estrogenic [85] and later anti-
androgenic [86], was responsible. There is indeed some evidence
that certain hormonally active substances can damage the male
reproductive system, but this cannot explain these epidemiological
observations [87]. First, the estrogenic version fails because even a
huge dose of a potent estrogen (diethyl stilbestrol, DES) given during
early pregnancy does not lead to the endpoints that concern us here,
even according to one of the originators of the hypothesis [88].

Secondly, although the anti-androgenic account has more
biological plausibility, it does not provide the answer either. It may
be that DDE (the major stable breakdown product of the insecticide
DDT) and certain phthalates (e.g. DBP, dibutyl phthalate), or mixtures
of such anti-androgens, affect male reproductive development in
humans by increasing the risk of cryptorchism and hypospadias, or by
reducing the anogenital distance at birth [89-92]. But this hypothesis
does not succeed in explaining the epidemiological observations
described above, even if one accepts the view that these congenital
conditions are associated with testicular cancer and male infertility
(in addition to the long-established observation that cryptorchism is a
risk factor for testicular cancer) in a “testicular dysgenesis syndrome”,
which is now discredited [93,94]. For one thing, these chemicals were
only developed decades after the rise in testicular cancer started
[46]. Also, DDE would have caused an epidemic of testicular cancer
in malaria-affected areas by now, but this has not occurred; and,
the “phthalate syndrome” seen in experimental animals has other
manifestations that are not seen in human cases [87]. In any case,
whilst endocrine disrupters may be able to cause quantitative damage
to spermatozoa, it is very doubtful that they can cause qualitative
damage such as impaired motility or morphology [87].

Is there also a Decline of Woman?

So far we have been concerned only with males. The endpoints
considered are specific to men, and even the intergenerational
pathways have only referred to father-son transmission. But if a
process of this kind is operating, female zygotes and the resulting
individuals would also be affected. This raises two questions: what
pathogenic changes would ensue? And how would they be manifest?

Little directly relevant evidence is available. The focus of research
has primarily been on males, and females are intrinsically more
difficult to study because they do not produce any equivalent of
semen that is available without invasive procedures.
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The effects on reproduction would likely be affected by the
difference in the meiotic process between the sexes. In men, this is
continuous throughout post-pubertal life and affects all the germ
cells, whereas in women meiosis starts in fetal life but is then quiescent
until ovulation begins, and even then it only continues in a very few
oocytes. The maternal centrosome is not passed on to the zygote,
although the oocyte does contain transcripts that remain active after
fertilization [53].

One observation is that ovarian germ-cell cancer (not ovarian
cancer in general, which is mainly of an epithelial type) is more
than 10 times less common than testicular cancer. This could be
related to the sex difference in meiosis: whereas all the germ cells are
continuously involved in meiotic division in post-pubertal males, in
females meiosis continues only in a few selected ova. A second is that
germ-cell cancer in women appears to have had a similar increase
over time as has testicular cancer, and a comparable age distribution,
suggesting a similar pathogenesis - although the evidence is unclear
due to its rarity [95].

Certain additional features are similar to those operating in the
male. As stated above, embryonic aneuploidy from male-mediated
processes primarily affects the sex chromosomes, so it is likely that the
autosomal equivalent could be explained by the same pathogenesis
operating in females. In favor of this, mosaicism, cell cycle delay and
chromosomal gain and loss are seen also in the female-mediated case
[39,44,96-98], fitting well with the process described above. This is
supported by experimental evidence: for example in female mice, age-
related embryonic aneuploidy appears to be related to progressive
shortening of meiotic prophase, leaving less time for accurate
chromosome attachment [76]. Moreover, such a mechanism would
readily explain female-factor infertility, and a tendency to embryonic
loss.

The same pathogenic process could explain why human trisomies
increase with maternal age. They result from segregation errors,
when the sister centromeres fail to be held tightly together during the
decades elapsing between embryonic life and the time of ovulation.
Again, the impairment is due to a structural mismatch between the
maternal and paternal chromosomes, and its effect on pairing. It has
been observed that disturbance of meiotic pairing causes a failure
of recombination in the affected chromosome [99]. Such lack of
crossovers is a feature specific to a subgroup of women, and is more
frequent in women than in other mammals, or in men [100]. This is
important because crossovers are a major factor in keeping the sister
chromatids together. This would not be evident in mouse models, or
in women who do not have non-disjunction events. (However, in such
situations a similar process may occur due to a decrease in cohesin
protein rather than an absence of recombination [101-103]: cohesin
protein and crossovers are both ways that the chromatids are kept
together.) The idea that structural mismatch between maternal and
paternal chromosomes is the source of trisomy, resulting from fewer
crossovers, is supported by the observations that a high recombination
count increases the chance of a live birth, especially with increasing
maternal age, and that mothers with a high recombination rate tend
to have more children; also, there is a large genetic component to the
recombination rate [104].

Conclusion

In conclusion, I propose a pathogenic process that starts
with sperm DNA damage and propagates through subsequent
generations. In its earlier, ancient version it underlies the specifically
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human tendencies to poor semen quality, low fecundity, aneuploidy,
mosaicism and embryonic loss. A more malignant recent version has
given rise to an epidemic of testicular cancer in some populations
during the twentieth century.
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