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BACKGROUND: The effect of maternal age at conception
on various aspects of offspring health is well documented
and often discussed. We seldom hear about the paternal age
effect on offspring health, although the link is now almost as
solid as with maternal age. The causes behind this, however,
are drastically different between males and females.

CONTENT: In this review article, we will first examine doc-
umented physiological changes linked to paternal age effect.
We will start with all morphological aspects of the testis that
have been shown to be altered with aging. We will then
move on to all the parameters of spermatogenesis that are
linked with paternal age at conception. The biggest part of
this review will focus on genetic changes associated with
paternal age effects. Several studies that have established a
strong link between paternal age at conception and the rate
of de novo mutations will be reviewed. We will next discuss
paternal age effects associated with telomere length and try
to better understand the seemingly contradictory results.
Finally, severe diseases that affect brain functions and nor-
mal development have been associated with older paternal
age at conception. In this context, we will discuss the cases of
autism spectrum disorder and schizophrenia, as well as sev-
eral childhood cancers.

SUMMARY: In many Western civilizations, the age at
which parents have their first child has increased substan-
tially in recent decades. It is important to summarize
major health issues associated with an increased paternal
age at conception to better model public health systems.
© 2018 American Association for Clinical Chemistry

During the Dutch famine of 1944–45, a Nazi blockade
shut off fuel and food shipments destined for large towns.
Following this, several thousands of people were under-
nourished for many months. This is one of the most
documented famines in history. Years later, scientists

started to formulate hypotheses about the lack of food
that mothers experienced during their pregnancy and the
possible effects on their offspring (1 ). These findings were
put in relation with previous observations documenting an
increase of the incidence of autosomal trisomy 21 with the
mother’s age at conception (2). Despite the fact that this
effect, now called maternal age effect, is well documented
and well covered in mainstream media, we seldom hear
about the effect of paternal age at conception on children’s
health. This is quite puzzling because scientists have been
studying the paternal age effect for more than a century. In
1912, Wilhelm Weinberg, a German obstetrician, was con-
fronted by a strange disease that was responsible for dwarf
limbs in children. Intriguingly, these dwarf limbs seemed to
appear only in the last-born child of a family (3). At the time
he made these observations, the new science of genetics had
barely reached its infancy and Weinberg could not use it to
explain these observations (4). Forty-one years later, an-
other scientist named Robert Krooth published a study
about the very same disease (5). He was the first to use the
expression paternal age effect. Throughout the past decade,
it was finally established and acknowledged that the age at
conception for both parents can markedly influence prog-
eny through various pathways ranging from de novo muta-
tions in their germ cells to complex physiological mecha-
nisms. These observations are of crucial interest as families in
Western civilizations tend to have their first child at a more
advanced age compared to previous generations (6).
Throughout this review article, we will document and dis-
cuss several instances in which the paternal age effect sub-
stantively impacts the health traits in children.

Testicular Morphological Changes

One of the simplest ways to study changes occurring
when men age is by examining the morphology of their
testis. As for many organs in the human body, testis func-
tion changes over time. Additionally, although aging oc-
curs at a slower pace in male reproductive organs com-
pared to female organs, the male aging process eventually
reaches a point where it can substantially impair the
proper function of the testis. In a vast study conducted by
Gunes et al. in Turkey, it was shown that the testicular
volume progressively increased in men of age 11–30 years
and then reached a plateau between age 30–60 (7 ). After
60 years of age the testicular volume started to slowly
decrease. The authors reported that the volume of the
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testis was 31% smaller in men �75 years than those
between 18–40 years of age. Mahmoud et al. reported
that this decreasing testicular volume was associated with
an increased level of the follicle-stimulating hormone
from the hypophysis and with a reduction of the number
of Sertoli cells (8 ). Later, it was shown that the increase of
the follicle-stimulating hormone concentration could be
explained by a reduction of the number of Leydig cells,
the cells that secrete testosterone (9 ). In the same study,
Mizdak et al. suggested that the luteinizing hormone no
longer stimulates the Leydig cells (9 ). This lack of Leydig
cell stimulation alters the transfer of cholesterol into the
mitochondria and causes the inhibition of the metabo-
lism of cholesterol to testosterone. In addition, paternal
age is associated with not only testicle size but also the
global number of spermatozoa. Levitas et al., in a study of
4604 males, recorded a diminution of 24.3% of the
global number of spermatozoa per male between the ages
of 30 and 55 (10 ). Not only was the number of sperma-
tozoa decreased, but sperm motility was diminished by
53% over the same age period. Kumar et al. reported an
overall negative association between age and semen pa-
rameters such as semen volume, total sperm count, and
sperm motility, as well as morphology (11 ).

Mutations in Spermatogonial Cells

During spermatogenesis, the differentiation of germ cells
into spermatozoa takes place in the basal membrane of
the seminiferous tubules, located in the testis. Each testi-
cle is composed of 200–300 testicular lobules and each of
these lobules contains between 1 and 4 seminiferous tu-
bules (12 ). The wall of seminiferous tubules is composed
of 2 types of cells: (a) Sertoli cells, which are feeder sup-
port cells for sperm maturation and (b) germ cells. Germ
cells are basic spermatogonia cells responsible for main-
taining the number and the integrity of spermatozoa. It is
these spermatogonia that will later divide to form pri-
mary spermatocytes by mitotic division. These primary
spermatocytes, still in the diploid stage, will subsequently
be moved to the abluminal compartment, where they will
divide by meiosis into secondary spermatocytes to reach
the haploid stage. The secondary spermatocytes will
divide again to form the haploid spermatids. Finally, dur-
ing spermiogenesis, spermatids will mature to form func-
tional spermatozoa. Males produce billions of spermato-
zoa in their life. It is well documented that as the
spermatogenesis chains up divisions by meiosis, muta-
tions are expected to be incorporated into the genome of
the male undifferentiated germ cells. Goriely and Wilkie
reported that cells with mutated DNA are selected before
those without mutations (13 ). The authors also reported
that these mutated cells expand clonally. Over time, this
type of mutation takes on more importance and, as the
number of mutated undifferentiated germ cells increases,

more detrimental consequences can be expected in the
spermatozoa themselves. This mechanism will be dis-
cussed more in details in a later section.

De Novo Mutations

Mutations that appear sporadically in an individual are
called de novo mutations. These mutations can occur in
cells that are diploid (2n chromosomes) and undergo
division by mitosis in somatic cells. Somatic cells consti-
tute most of the cells in the human body except those that
undergo meiosis to form haploid (n chromosome):
oocyte and spermatozoa. When de novo mutations occur
in meiotic cells they are defined as germline de novo
mutations. These mutations can contribute to develop-
mental disorders and traits notably by affecting the pro-
tein synthesis machinery. In a stunning breakthrough,
Kong et al. studied de novo mutations rates in 219 Ice-
landic individuals affected with either autism spectrum
disorder (ASD)2 or schizophrenia (SCZ; 78 progenies
and their 2 parents) and 1859 unaffected individuals
(14 ). They showed that the rate of de novo mutations
was about 1.20 � 10–8 per nucleotide each generation.
This means that for a diploid genome of about 6 billion
base pairs, such as the human genome, there are about
50–100 new mutations that will occur in the gamete cells
of the parents and will be transmitted to one or multiple
offspring. From this number, we would typically expect
that between 0 and 2 mutations will be found in genomic
sequences directly coding for proteins (15 ). In that study,
the average paternal age at conception was 29.7 years old.
Although the rate of de novo mutations is consistent across
all human populations, Kong et al. reported that the pater-
nal age at conception was the main contributing factor to
the variation of the de novo mutation rate in offspring. An
interesting finding of this Icelandic population study was
that the de novo mutation rate was increased by a factor of 2
for every 16.5 years increase in paternal age (14). Our team
also investigated the de novo mutation rate in a newborn
twin cohort and found that the offspring of fathers who are
older than 40 years carried almost twice as many de novo
mutations as those 20 years younger (16). Kloosterman et
al., in a study of 258 individuals in the Netherlands, inves-
tigated the prevalence of indels and single-nucleotide vari-
ants (17). They found that mutations with paternal origins
were more consequential and frequent in progeny. They
also reported 66.1% more indels and single-nucleotide vari-
ants on paternal chromosomes than the maternal ones. We
now know that germline mosaicism (or gonosomal mosa-
icism), the case in which several germ cells (sperm or oocyte)

2 Nonstandard abbreviations: ASD, autism spectrum disorder; SCZ, schizophrenia; GSC,
germ stem cell; CNS, central nervous system.
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carries a specific mutation, is more frequent than we once
thought. Acuna-Hidalgo et al. have shown that such muta-
tions can constitute more than 5% of all germline mutations
resulting in an increased gonosomal mosaicism in gametes
(18).

Selfish Sperm Selection

A basic population genetics concept is that harmful mu-
tation will decrease an individual’s fitness for survival
unless it is counterbalanced by a beneficial effect at least
as strong. In that regard, de novo mutations are unique as
they escape this process for the generation in which they are
studied. However, when transmitted to the next generation,
de novo mutations will act as any other mutations and will
be affected by natural selection processes. Recent findings
show that at least some de novo mutations undergo another
type of selection that can impact an individual’s health. Self-
ish spermatogonial selection is a phenomenon that occurs in
the testis. It has been described to be the result of mutations/
variants dysregulating the RAS signaling pathway (19), a
pathway involved in growth and cell division. When a germ
cell develops such a mutation, it can confer a certain prolif-
erative benefit to the spermatogonia; for example, mutations
in the RAS signaling pathway proteins may result in an
uncontrolled growth (19). Over time, these spermatogonia
cells undergo meiosis and develop more and more of these
mutant spermatozoa, increasing their fitness over the other
germ cells. The risk of transmitting this specific mutation to
the offspring thus increases as the father gets older (19).
These spermatozoa are selected over others because the mu-
tation gives them selective advantages and they can survive
more easily. For this reason, selfish sperm selection can be a
harmful mechanism that highly contributes to the transmis-
sion of mutations through future generations.

Telomere Length

Telomeres are small nucleotide sequences of TTAGGG
that cap chromosomes arms. They prevent genomic in-
stability by blocking neighboring chromosomes from
crossing over or simply fusing together (20 ). Through
time, multiple studies have documented that telomere
length decreases with age (21–23). It is also known that
once telomeres reach a critical threshold, the cell will stop
its replication by stopping its cell-cycle processes or by
activating apoptosis pathways (24 ). The enzyme respon-
sible for maintaining the integrity of chromosomal telo-
meres is called telomerase. Telomerase is a ribonucleo-
protein composed of a long noncoding RNA, the TERT
(telomerase reverse transcriptase), and other proteins
(25 ). When the telomerase complex is formed, it is di-
rected to a specific place within the cell nucleus called the
Cajal bodies. During the S phase of the cell cycle, the
telomerase complex is bound to the telomeres of chromo-

somes, allowing synthesis of telomeres at the end of chro-
mosomes (26 ). Surprisingly, Eisenberg et al., in a Philip-
pine cohort, reported that males with advanced age have
longer telomeres and that their progeny will also inherit
longer telomeres (27 ). Other studies also observed that
the telomeres of aged fathers were longer and that those
of their progeny were also more elongated (28, 29 ). This
lengthening of telomeres in germ cells is opposed to the
classical mechanism of shortening over time and cell rep-
lications. The telomeres in male germ cells increase in
length at about 17 bp per year (30 ). At first, it sounds
counterintuitive that sperm escape the shortening of their
telomeres that all somatic cell telomeres undergo. Hjelm-
borg et al., in a study on monozygotic and dizygotic
twins, hypothesized that there are some germ stem cells
(GSCs) in male testis that possess longer telomeres.
Through replication cycles, GSCs with longer telomeres
have greater chances of survival due to the protection of
their telomeric ends (31 ). This would provide them with
a positive selection process. After a number of years, there
are more GSCs with long telomeres than GSCs with
short telomeres. When spermatogonial cells replicate,
they will tend to form sperm with long telomeres (31 ). In
summary, as men produce over millions of spermatozoa
per gram of testis a day, the development of a mechanism
to avoid the shortening of telomeres was essential (32 ).
Nördfjall et al. conducted a study on a Swedish popula-
tion of 962 individuals by extracting gDNA (genomic
DNA) and estimating the telomere length by real-time
polymerase chain reaction and concluded that telomere
length is mainly a paternally inherited trait (33 ). It has
been also reported by Ozturk that the telomerase activity
is less regulated in the last stages of spermatogenesis and,
thus, can lead to an increase in telomere length (34 ).
Further studies need to be conducted to identify genes or
epigenetic factors that may be implied in telomeric ex-
pression in germ cells.

Link between Molecular Biology Mechanisms
and Evolutionary Biology

As discussed above, telomere length of spermatozoa in-
creases with paternal age. This apparent contradiction with
known natural selection processes is called phenotypic plas-
ticity (35). Fusco and Minelli define phenotypic plasticity as
“the ability of individual genotypes to produce different
phenotypes when exposed to different environmental con-
ditions” (36). Darwin’s natural selection theory predicts
that as an organism ages, the cost of reproduction and live-
lihood cannot both be assumed at the same time because it
would be too costly. To skirt this energy problem, organisms
must invest in one or the other in the appropriate situation.
If the life of an organism is threatened, it must invest in
reproduction; with time, if the organism is not life-threatened,
the alleles implied in livelihood will be favored by natural
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selection. Phenotypic plasticity is the closest model of
Lamarck’s theory of acquired traits passed through gen-
erations. This also translates to de novo mutations in
germ cells and the selfish sperm selection that can be
transmitted to future generations by the older fathers, as
they are acquired in the paternal spermatozoa and passed
to their progeny.

Chromosomal Aneuploidies

Aneuploidy defines an abnormal number of chromo-
somes, due to loss or gain of part of a chromosome set
resulting in a chromosome number that is not a multiple
of haploid chromosome number (23 in humans). Most
cases of aneuploidy will end in spontaneous abortion, but
in cases leading to a live birth, progeny show severe de-
formities in most of the instances (37 ). Only about 1% of
chromosomal aneuploidies will end up in a living off-
spring and 6% of stillbirths show chromosomal abnor-
malities (37 ). Autosomal aneuploidies tend to be more
maternally inherited (38 ) with trisomy 16 exclusively
maternal due to a nondisjunction in meiosis I (39 ). Pa-
ternal inheritance of aneuploidies has a prevalence of
55% in sex chromosomes (38 ). Lowe et al. discovered
that the age of a man correlated with a higher rate of XY
sperm (a spermatozoon with an X chromosome and a Y
chromosome), with a 3.5% increase each year (40 ). This
may result in an XXY karyotype when the fecundation
takes place between 1 XY sperm and an XX oocyte. This
phenomenon corresponds to Klinefelter syndrome.
However, another study showed that in 50% of cases the
Klinefelter phenotype was due to a nondisjunction in
meiosis I of the father and the other 50% was maternal
(41 ). Emerging evidence in Klinefelter syndrome is con-
flicting and there is no consensus on either the heritabil-
ity or a potential paternal age effect (42 ). Buwe et al.
reported that 6% of XXX, 50% of XXY, and 100% of
XYY aneuploidies were due to a nondisjunction in the
paternal meiosis (43 ). It is still not well understood
whether paternal age plays a role in autosomal aneup-
loidies (aneuploidies that are not on sex chromosomes).
For trisomy 21 (Down syndrome), only 5% of the cases
would have a paternal origin. For other autosomal aneu-
ploidies, such as trisomy 22, 13, 15, and 17, the father’s
influence seems to have more impact with respective pa-
ternal contributions of 11% (trisomy 22), 12% (trisomy
13 and 15), and 17% (trisomy 14) (43 ).

Paternal Age Effect Disorders

As discussed previously, the age of the father at concep-
tion has a drastic effect on the number of de novo muta-
tions that will be transmitted by germ cells. Extrapolation
of this concept might mean that all diseases caused by a
genetic defect could be impacted by the age of that father

at conception. Although we cannot support that notion
with our current state of knowledge, we present here
several examples of diseases for which the prevalence is
highly associated with paternal age at conception.

Autism Spectrum Disorders

According to the WHO, ASD is characterized by impaired
social behavior, communication, and language and a narrow
range of interests and activities that are both unique to the
individual and carried out repetitively (44). In 2012, world-
wide, up to 6–10 individuals per 1000 were affected by
ASD, representing around 67 million people (45). Janecka
et al. highlighted that the de novo mutation rate that in-
creases with paternal age is �3 times higher in men than in
women (46). Thus, male de novo mutations are mainly
responsible for neurodevelopmental disorders in offspring.
The same study shows that the number of de novo muta-
tions doubles every 16.5 years, meaning that fathers of 40
years old have more than twice the numbers of de novo
mutations than those of 20 years old (46). Gabis et al., in a
study of 323 autistic children, found that men who father
children when they are of age �45 years have a 1.4% greater
chance of having an offspring suffering from ASD (47). A
3-generation study conducted by Frans et al. suggested that
the risk of having an offspring affected by ASD increases
with paternal age. Surprisingly, these investigators also
showed that men who had fathered a son or a daughter
when they were 50 years or older were more likely to have a
grandchild affected by ASD (48).

Schizophrenia

SCZ is a psychotic disorder that gives rise to visual and
auditory hallucinations, delirium, and a reduction of ev-
eryday activities. It has a huge social impact for those
who are affected. The prevalence of SCZ is about 3–7
affected individuals per 1000 individuals per year (49 ).
Malaspina et al. reported that the offspring’s risk of de-
veloping SCZ when the father was �45 years old at con-
ception was 3 times higher than for offspring of fathers
20–24 years old (50 ). Sipos et al. in a cohort study of
754 330 individuals in Sweden concluded that the in-
creasing number of de novo mutations in paternal sperm
cells is the main contributing factor to SCZ when con-
cerning paternal age effect (51 ). Jenkins et al. identified
different DNA methylation patterns in some genes in-
volved in SCZ and other mental disorders (52 ). The
genes dopamine receptor D4 (DRD4)3 and tenascin XB

3 Genes: DRD4, dopamine receptor D4; TNXB, tenascin XB; ACE, angiotensin I converting
enzyme; PRM1, protamine 1; PRM2, protamine 2; SMCP, sperm mitochondria associ-
ated cysteine rich protein.
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(TNXB), on chromosome 11 and chromosome 6, respec-
tively, were hypomethylated (more active genes) with in-
creasing paternal age. However, the global involvement
of the TNXB gene in SCZ is still unclear (53, 54 ).

Childhood Cancers

In 2018, in the US, pediatric cancers are the second most
common cause of death in children (55 ). Around 11 000
children will be diagnosed with cancer before they reach
the age of 15 and about 80% of them survive for �5 years
(55 ). A Swedish study conducted by Yip et al. on 7 mil-
lion registered children since 1932 reported that men
older than 40 years at conception had 2.69 times higher
risk of having a progeny developing a central nervous
system (CNS) or non-CNS tumor (56 ). For men be-
tween 35 and 39 years at conception, the risk of fathering
a child developing a CNS cancer was 1.70 times higher.
Accordingly, Nybo Andersen and Urhoj found in a study
of 2 million children in Denmark that the risk of devel-
oping acute lymphoblastic leukemia was 1.13 times
higher for every 5-year increase in paternal age (57 ). An-
other study, in Peru, by Rios et al. discovered that fathers
and mothers �35 years at conception have higher risks of
having children with retinoblastoma, tumors in gonadal
cells, and non-Hodgkin lymphoma (58 ).

Epigenetics

As the field of epigenetics emerges and becomes refined,
the nature-nurture relation will help us to understand
how environment shapes our genome in a unique man-
ner and affects our everyday life. Epigenetics is defined as
the study of all non-DNA-altering changes that affect
gene expression. Such phenotypical variations in genome
expression result notably from DNA methylation at CpG
dinucleotides, histone tail modification that can remodel
chromatin in the nucleus, and miRNAs that can interfere
during protein expression by targeting the 3�UTR end of
mRNAs (59 ). These chemical changes of the DNA are
called epigenetic marks and are heritable and maintained
through generations. However, there is a reprogramming
stage that happens just after the fertilization of the oocyte
by a sperm when the paternal histones are replaced by
protamines (60 ). Immediately thereafter, hyperacetyla-
tion and a hypomethylation of the paternal genome oc-
cur, allowing specific epigenetic factors that distinguish it
from the mother’s genome. Perrin et al. highlighted that
an epimutation in an imprinted gene causative for
Prader-Willi syndrome lies close to 15q13–14, a region
suspected to be associated with SCZ (61 ). This demon-
strates the importance of studying parental imprinting

processes in SCZ and other neurodevelopmental disor-
ders. These processes could definitively be linked to pa-
ternal age effect. Katz-Jaffe et al. have reported that male
mice that were older than 15 months had alterations in
the expression of 4 genes: angiotensin I converting
enzyme (ACE), protamine 1 (PRM1), protamine 2
(PRM2), and sperm mitochondria associated cysteine
rich protein (SMCP) (62 ). The most noteworthy of these
genes, PRM1 and PRM2, are genes coding for prota-
mines, proteins made to replace histones in male chro-
matin. Additionally, SMCP is a key gene in sperm motil-
ity (63 ). Finally, ACE is important for acrosomal
reaction after fertilization. ACE is inhibited when DNA
methyltransferase is inhibited (63 ). Taken together,
these findings suggest how aging sperm could have de-
creased reproduction parameters. If genes are switched
off by methylation marks, their expression is also
switched off and they are more likely not to be repro-
grammed in germ cells because this specific reprogram-
ming is for marks that are normally transmitted and reg-
ulated, for example, by DNA methyltransferases. If we
change the methylation of one cytosine and it is not
regulated, it likely will result in chromatin remodeling
and, consequently, altered gene expression. More studies
will be needed to investigate the following question: Does
paternal age alter epigenetic marks and epimutations as
well as their heritability pattern?

Conclusions

With the widespread availability of high-throughput se-
quencing, we can now design comprehensive studies that
will allow us to better understand the impact of paternal de
novo mutations on the health of their progeny. The studies
discussed in this review article clearly show a strong associa-
tion between paternal age effect and de novo mutation rate.
Although these findings have no individual meaning and
cannot be translated in genetic or fertility counselling, they
should be considered as public health issues and a focus of
future epidemiological studies.
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