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Abstract
Ageing is the time-dependent gradual decline of the functional characteristics in an organism. It has been shown that it 
results in the loss of reproductive health and fertility. The age-dependent decline of fertility is a potential issue as the par-
enthood age is increasing in Western countries, mostly due to socioeconomic factors. In comparison to women, for whom 
the	consequences	of	ageing	are	well	documented	and	general	awareness	of	the	population	is	extensively	raised,	the	effects	
of	ageing	for	male	fertility	and	the	consequences	of	advanced	paternal	age	for	the	offspring	have	not	been	widely	studied.	
Studies with humans are welcome but it is hard to implement relevant experimental approaches to unveil the molecular 
mechanisms	by	which	ageing	affects	male	reproductive	potential.	Animal	models	have	thus	been	extensively	used.	These	
models are advantageous due to their reduced costs, general easy maintenance in laboratory facilities, rigorous manipula-
tion tools, short lifespan, known genetic backgrounds, and reduced ethical constraints. Herein, we discuss animal models 
for the study of male reproductive ageing. The most well-known and studied reproductive ageing models are rodents and 
non-human primates. The data collected from these models, particularly studies on testicular ageing, steroidogenesis, and 
genetic and epigenetic changes in spermatogenesis are detailed. Notably, some species challenge the currently accepted 
ageing theories and the concept of senescence itself, which renders them interesting animal models for the study of male 
reproductive ageing.
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immunological ones. In brief, Gerschman proposed the 
free radical theory in the 1950s, later expanded by Harman, 
which argues that ageing is related to the accumulation of 
damage on DNA, proteins, and lipids by reactive oxygen 
species (ROS) [8, 9]. This unbalance on redox homeosta-
sis was attributed to lower antioxidant defences and/or 
increased ROS production, which would result in accumu-
lated oxidative stress-related damage on cells and tissues, 
including DNA fragmentation and accumulation of muta-
tions. The immunologic theory, also known as autoimmune 
theory, was proposed in 1969 by Walford and hypothesizes 
that there is a time-dependent decline of the immune system 
which increases the vulnerability to infections and diseases 
whereas autoimmune-related damage is promoted [10, 11]. 
The result of accumulated damage, thus, caused by autoim-
mune and pathogen aetiology would result in the ageing of 
the organism. Currently, it is generally accepted that ageing 
is a multifactorial process that incorporates the mechanisms 
described by former theories. Based on the common mecha-
nisms	associated	with	ageing	in	different	organisms,	Lopéz-
Otín et al. proposed in 2013 the nine cellular and molecular 
hallmarks of ageing, which are: genomic instability, telo-
mere attrition, epigenetic alterations, loss of proteostasis, 
deregulated nutrient sensing, mitochondrial dysfunction, 
cellular senescence, stem cell exhaustion, and altered intra-
cellular communication [12]. Together, these hallmarks are 
thought to contribute to the ageing process and determine 
the ageing phenotype.

One of the most common consequences of ageing is the 
decline of reproductive health and fertility. This age-depen-
dent decline of fertility is a potential issue as the parent-
hood age is increasing in Western countries, mostly due to 
socioeconomic factors. According to the 2019 database of 
the annual live births in England and Wales, the proportion 
of men fathering live births over the age of 35 was 38.9% 
whereas that over the age of 40 was 15.3% [13]. In 2015, 
the proportion of men fathering live births over the age of 
40 was found to be 12.7% in the United States [14]. In com-
parison to women, for whom the consequences of ageing 
are well documented and general awareness of the popu-
lation	 is	extensively	 raised,	 the	effects	of	ageing	 for	male	
fertility and the consequences of advanced paternal age for 
the	offspring	have	not	been	widely	studied.	Nevertheless,	it	
is	well	known	that	ageing	negatively	affects	male	fertility,	
leading to poorer sperm parameters, lower hormonal lev-
els, impaired testicular function, and increased chromosome 
defects and DNA damage, which could also lead to harm-
ful	consequences	for	the	offspring	[7, 15]. Indeed, advanced 
paternal age is associated with a higher risk for genetic dis-
orders [16], including achondroplasia [17], schizophrenia 
[18, 19], bipolar disorder [20], increased incidence of acute 

HSD3B	 	3β-hydroxysteroid	dehydrogenase
IL-1β	 	interleukin	1	beta
LH  luteinizing hormone
NRF2  nuclear factor erythroid 2–related factor 2
PKA  protein kinase A
ROS  reactive oxygen species
SAMP  senescence-accelerated mouse prone
SIRT1  sirtuin 1
SOD  superoxide dismutase
StAR  steroidogenic acute regulatory protein
TSPO  translocator protein
PRDX6  peroxiredoxin 6
TXNDC  thioredoxin domain-containing proteins

1 Introduction

Ageing is a natural and currently unavoidable consequence 
of	 time	 for	organisms,	despite	 significant	variations	being	
found	between	different	species.	It	is	also	known	as	senes-
cence	 and	 is	 defined	 as	 the	 time-dependent	 and	 gradual	
decline of functional characteristics in an organism, lead-
ing to decreased fertility and an increasing probability of 
death [1–3]. Over the past decades, several theories have 
been proposed to explain the aetiology of ageing. Over-
all, there were two major theory categories: programmed 
ageing and damage accumulation. The most known and 
widely accepted programmed ageing theory, antagonistic 
pleiotropy, was proposed in 1957 by George Williams [4]. 
According	to	this	theory,	some	genes	that	are	beneficial	for	
overall	fitness	earlier	in	life	become	deleterious	with	time.	
As natural selection tends to favour early life vigour and 
fitness,	 these	 genes	 would	 be	 casually	 selected	 and	 then	
responsible for the organism decline observed during age-
ing. In other words, mutations that would cause the increase 
of lifespan would simultaneously result in disadvantages 
during the early stages of life and vice versa. Another 
widely spread and accepted theory is the telomere theory. 
Telomeres are a region of repetitive nucleotide sequences 
associated with specialized proteins at the ends of linear 
chromosomes where they play a role in protecting the termi-
nal of chromosomes from being detected as double-strand 
breaks. Telomeres are gradually shortened in each cellular 
division, protecting cells from genomic instability and loss 
of genetic information [5]. The telomere theory defends that 
the shortening of telomeres leads to senescence, apoptosis, 
or even oncogenesis [6].	This	concept	led	Leonard	Hayflick	
to propose that there is a limited number of divisions that 
differentiated	 somatic	 cells	would	divide	before	 they	 stop	
based on telomeres length, which was later known as “Hay-
flick	limit”	[7]. On the other side, the most widely accepted 
damage accumulation theories were the free radical and 
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2.1 Rodent models of male reproductive ageing

The small size, ease of housing and handling, together with 
the short lifespan and high breeding capabilities has led 
to the widespread use of rodents as research models [31]. 
Rodents account for roughly 95% of all laboratory animals 
[32]. Mice and rats have several anatomical, physiologi-
cal, and genetic similarities to humans, which makes them 
ideal models to study human physiology and diseases [31]. 
In	ageing	research,	mutant	mice	were	the	first	mammalian	
mutants to show increased [33] and decreased lifetimes 
[34], which led to the discovery of genes associated with 
longevity.

The decrease in men’s reproductive potential with 
advanced age is due to changes in their reproductive system. 
Aged men have lower testosterone levels than their younger 
counterparts [35]. Sperm concentration, motility, and mor-
phology, also decrease with age [36, 37]. Several rat models 
are used to study male reproductive ageing, with distinct 
characteristics, advantages, and drawbacks (Table 1). The 
most well-studied rodent animal model that mimics human 
ageing is the Brown Norway rat (Fig. 1). Similarly to 
humans, aged Brown Norway rats exhibit decreased serum 
and testicular testosterone [38] and increased follicle-stim-
ulating hormone (FSH), however, serum luteinizing hor-
mone (LH) levels were found to be unaltered or decreased 
in these animals [39, 40]. Gonadotropin-releasing hormone 
(GnRH) secretion also diminishes with age [41]. Wang et 
al. reported an age-dependent decrease in serum inhibin 
[40] and Gruenewald et al. observed a decrease in prolactin 
and corticosterone and a decreasing trend in progesterone 
levels in aged Brown Norway rats [39]. Brown Norway 
rats also experience age-related alterations in the testes, 
including a reduction of the seminiferous tubules volume, 
impaired function of Leydig cells and impaired spermato-
genesis, with a reduction or absence of spermatids [39, 41]. 
Wang	et	 al.	 also	 reported	 a	 significant	 decrease	 in	Sertoli	
cell number both in regressed testis from 22 months-old 
and in testis from 30 months-old Brown Norway rats [42]. 
Conversely, Wright et al. did not observe changes in the 
number of Sertoli cells, however, their older animals were 
younger (24 months-old) [43]. Altered function of Sertoli 
cells was also reported in older Brown Norway rats due to 
changes in the expression of transferrin and CP-2/cathep-
sin L mRNA [43]. Nevertheless, the data regarding age-
ing-related changes in Sertoli cell function and number in 
Brown Norway rats is scarce and further studies are needed. 
Wang et al. also observed a reduced sperm concentration 
and total sperm count in aged Brown Norway rats [40]. 
Sprague-Dawley rats are also used as models for testicu-
lar ageing. While an age-associated decrease in both serum 
and testicular testosterone is observed, contrarily to Brown 

lymphoblastic leukaemia [21], and Down syndrome [22], or 
increased risk of miscarriage and stillbirth [15, 23].

Animal models have been extensively used to study the 
effects	of	ageing	on	male	reproductive	health.	Animal	mod-
els are advantageous due to their reduced costs, general easy 
maintenance in laboratory facilities, rigorous manipulation 
tools, short lifespans, known genetic backgrounds, and 
reduced ethical constraints [24]. The most widely used ani-
mal models, the mice (Mus musculus) and the rat (Rattus 
norvegicus) are routinely used due to their fully character-
ized genetic background, easy maintenance, and reduced 
costs. In this review, animal models for the study of male 
reproductive ageing will be discussed. The most well-known 
and studied reproductive ageing models are the rodents and 
non-human primate species. The data collected from these 
models,	including	testicular	ageing,	effects	on	steroidogen-
esis, and genetic and epigenetic changes in spermatogenesis 
will be detailed. Interestingly, some species challenge the 
currently accepted ageing theories and the concept of senes-
cence itself, which renders them interesting animal models 
for	the	study	of	ageing.	For	instance,	some	jellyfish,	worm,	
or even lobster species are considered to have negligible 
senescence [25–27]. More interestingly, the only mammal 
that is hypothesized to display negligible senescence is the 
naked mole-rat (Heterocephalus glaber) [28], which will be 
also discussed in this review.

2 Animal models for the study of male 
reproductive ageing

Animals have been extensively used in research and their 
contributions to the understanding of human physiology 
and diseases are countless. Within ageing research, vari-
ous animal models, including rodents and primates, have 
been used to study the physiological pathways that regulate 
ageing	and	age-related	diseases	and	the	effects	of	life-pro-
longing interventions, such as caloric restriction. Labora-
tory mice (Mus musculus) and rats (Rattus norvegicus) are 
the preferred models for the study of ageing due to their 
well-known advantages, including their short lifespan and 
periods between generations, easy handling, availability and 
cost of maintenance, standardized husbandry, and extensive 
genomic and transcriptomic knowledge and manipulabil-
ity. Nevertheless, the ageing phenotypes vary widely across 
species and conventional animal models can only provide 
limited information regarding ageing in humans [29]. Thus, 
data obtained from multiple species is necessary to better 
understand the processes involved in ageing and age-related 
diseases [30].
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concentrations are decreased in aged F344 rats [53]. Taken 
together, a higher risk of F344 rats to develop testicular and 
pituitary tumours and consequent aberrant hormones pro-
duction interfere with testicular ageing studies [39, 47]. 
Some groups also used Wistar rats for reproductive ageing 
studies, as this animal model exhibits an age-dependent 
decrease in testosterone production without a decrease in 
LH levels [54]. In addition, age-dependent tubular atrophy 
was reported, mostly due to loss of germinative cells and 
Leydig cells hyperplasia [55, 56]. Similarly to F344 and 
Sprague-Dawley rats, Wistar rats also develop spontaneous 
pituitary tumours in old age [57].

Mice models have also been widely used in the study of 
male reproductive ageing, due to the existing parallelism 
between ageing in mice and humans (Table 2). Similar to 
humans, male C57BL/6 mice express age-related hormonal 
changes as well as alterations in the testes. Reduced testes 
size [58, 59], increased seminiferous tubules degeneration 
and germ cell depletion were reported in aged C57BL/6 
mice [60]. Lacombe et al. also observed an age-related 
decrease in serum testosterone, however, FSH levels were 
found unaltered, and the LH levels showed a decreasing 
trend [60]. Aged male C57BL/6 mice also exhibit reduced 
fertility, with an increase in spermatozoa with abnormal 

Norway rats, pituitary adenomas, testicular tumours, and 
obesity are common in aged Sprague-Dawley rats which 
may confound the interpretation of results [38, 44]. Age-
related testicular atrophy was also reported in these animals 
[45]. Additionally, in Sprague-Dawley rats, the LH levels 
remain constant throughout life [46]. Another rat model 
which develops decreased testicular function is the F344 
rat. Bethea et al. reported a decrease in testicular weight and 
testosterone production in old F344 rats, whereas pituitary 
prolactin was increased. Unlike humans, the steroidogenic 
capacity of F344 rats’ Leydig cells is not altered with age 
but serum testosterone levels are lower due to reduced Ley-
dig cells numbers [47]. Although some studies observed a 
reduced number of Leydig cells in the testis of older men, 
there	is	conflicting	data	and	further	studies	are	needed	[48, 
49]. Contradictory results, however, were found by Turek 
et al. which observed an increase in serum testosterone and 
prolactin levels in aged F344 rats [50].	These	 differences	
may be related to the heterogeneity found between testicu-
lar interstitial cell tumours, whose incidence is extremely 
high in F344 rats [51]. Gruenewald et al. reported an 
increase in testicular progesterone and estradiol secretion 
due to the development of age-dependent testicular Leydig 
cells tumours [50, 52]. In addition, GnRH, LH, and FSH 

Table 1 Characteristics of rat models for the study of male reproductive ageing
Animal model Longevity

(average 
lifespan)

Similarities to the human male reproductive ageing Divergences to the human male repro-
ductive ageing

Refer-
ences

Brown Nor-
way rat

31 months ↓	GnRH	secretion
↑	Serum	FSH
↓	Serum	and	testicular	testosterone
↓	Serum	inhibin
No age-related increase in estradiol, progesterone, corticos-
terone, and prolactin
↓	Seminiferous	tubules	volume	and	diameter
Impairment of Leydig cell’s function
↑	Germ	cell	apoptosis
↓	Spermatogenesis
↓	Sperm	concentration	and	total	sperm	count

Unaltered or decreased serum LH [38, 
39, 
41, 
227]

Sprague-
Dawley rat

29–30 months ↓	Serum	and	testicular	testosterone
Testicular atrophy

Unaltered plasma LH
Development of pituitary adenoma
Development of testicular tumours
Very high prevalence of obesity

[38, 
44–
46, 
228]

F344 rat 26–27 months ↓	GnRH	secretion
Altered testosterone
↓	Testicular	weight

↓	LH	and	FSH	secretion
↑	Serum	and	testicular	progesterone
↑	Testicular	estradiol
Altered serum and pituitary prolactin
Development of pituitary adenoma
Development of testicular interstitial 
cell tumours

[47, 
50–
53, 
228, 
229]

Wistar rat 29–30 months ↓	Serum	and	testicular	testosterone
Testicular atrophy
Seminiferous tubules degeneration
↓	Germ	cells	number
Leydig cell hyperplasia

Unaltered LH
Development of pituitary adenoma

[54–
57, 
228]

Abbreviations: FSH - follicle-stimulating hormone; GnRH - gonadotropin-releasing hormone; LH – luteinizing hormone
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studies, however, are still needed to disclosure age-related 
reproductive consequences on the aged B10-BR mice.

Accelerated ageing mice models have also been used 
for the study of reproductive ageing. Accelerated ageing 
models are easy to use, allow shorter experimental periods, 
and present a higher survival rate of the animal through the 
duration of the study, which constitutes advantages for their 
use in ageing studies compared to normally ageing models. 
D-galactose (D-gal) induced and senescence-accelerated 
prone (SAMP) mice are two types of accelerated age-
ing models. At high levels, D-gal is metabolized to aldose 
and hydroperoxide by galactose oxidase and this reaction 
results in the production of ROS. D-gal injections can 
mimic the ageing process by inducing increased oxidative 
stress,	inflammatory	processes,	mitochondrial	dysfunction,	
increased ageing markers, such as advanced glycation end 
products and their receptors, and cellular apoptosis [64]. 
Liao et al. optimized a mice model for reproductive age-
ing by administering D-gal injections to male C57BL/6 
mice. D-gal-injected mice exhibited decreased testis weight 
and altered sperm parameters, which are analogous to the 
typical characteristics of old males [65]. SAMP strains of 
mice comprise a group of inbred strains in which the mice 
develop senescent phenotypes at an early age as well as 
shorter life spans. Mice from senescence-accelerated strains 
present a normal development until adulthood and achieve 
maturity of reproductive function as mice from normal 
senescence strains. While the ageing process starts at the 
same time in normal and accelerated senescence stains, the 
progression of the senescence process is faster in SAMP 
mice. SAMP mice show increased oxidative stress markers 
in several organs, including increased lipid peroxidation and 
protein carbonylation [66]. Mitochondrial dysfunction was 
also reported in SAMP mice, and a decrease in ATP pro-
duction and higher redox state observed in these mice may 
compromise normal cell metabolism. SAMP mice displayed 

morphology [58]. Male CBA/Ca mice manifest an age-
related decrease in circulating testosterone levels, as well as 
smaller testes and reduced sperm parameters [61]. Similar to 
F344 rats, C57BL/6 and CBA/Ca mice commonly develop 
testicular interstitial cell tumours, which may interfere with 
the results of reproductive ageing studies [62]. Kotarska et 
al. evaluated the sperm quality of aged B10-BR mice with 
Y-chromosome long arm deletion (B10.BR-Ydel) and found 
a	 significant	 decrease	 in	 sperm	 parameters,	 accompanied	
by a reduction in the fertility of these animals [63]. Further 

Table 2 Characteristics of mice models for the study of male reproductive ageing
Animal model Longevity

(average lifespan)
Similarities to the human male reproductive 
ageing

Divergences to the human male 
reproductive ageing

Refer-
ences

C57BL/6 mice 29 months ↓	Serum	testosterone
↓	Testis	size
↑	Seminiferous	tubules	degeneration
↑	Germ	cells	apoptosis
↑	Abnormal	spermatozoa

Decreasing trend in serum LH
Unaltered FSH
Development of testicular interstitial 
cell tumours

[58–
60, 
62, 
230]

CBA/Ca mice 16 months (male 
mice)

↓	Serum	testosterone
↓	Testis	size
↓	Sperm	parameters

Development of testicular interstitial 
cell tumours

[61, 
62, 
231]

B10.BR-Ydel mice N/D* ↓	Sperm	parameters
↓	Fertility

N/D* [63]

D-gal injected C57BL/6 
mice

N/D* ↓	Testis	weight
↓	Sperm	parameters

N/D* [65]

SAMP8 mice 10 months ↓	Serum	testosterone No morphological changes in the 
testes

[67, 68, 
232]

*N/D – No data available. Abbreviations: FSH - follicle-stimulating hormone; LH – luteinizing hormone

Fig. 1	 Schematic	illustration	of	the	ageing-related	effects	on	the	male	
reproductive function in the Brown Norway (BN) rat, the most simi-
lar male reproductive ageing animal model to the human condition. 
Chronic	inflammation,	increased	reactive	oxygen	species	(ROS)	pro-
duction, and oxidative stress-induced damage accumulation are the 
attributable causes for age-dependent decline in the male reproduc-
tive function, which is characterized by hormonal, morphological, and 
functional alterations that culminate in decreased testosterone produc-
tion, testicular degeneration, and impaired spermatogenesis
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pattern of the pulsatile secretion of testosterone between 
young and older animals. The number of testosterone pulses 
increased at night in young Rhesus macaques, whereas no 
significant	nocturnal	increase	in	testosterone	pulse	number	
was observed in older animals. In addition, a diminution in 
both nocturnal testosterone concentration and pulse num-
ber was observed in older animals when compared to their 
younger counterparts [77]. Despite not being used as an 
ageing model per se, Japanese macaques (Macaca fuscata) 
also exhibit age-related testicular dysfunction. Similarly to 
Rhesus macaques, the sexual vigour of Japanese macaques 
(defined	 by	 the	 frequency	 of	 mounting	 and	 ejaculation)	
decreases with advancing age [78], and age-related degener-
ative changes of the reproductive organs have been observed 
[79]. Matsubayashi et al. determined that the weight of the 
reproductive organs, namely the testis, seminal vesicle, and 
prostate gland, showed a decreasing trend with age but no 
statistical	 significance	was	 reported.	Older	animals	exhib-
ited a smaller diameter of the seminiferous tubules and 
hyperplasia of the interstitial tissue. In addition, while the 
thickness of the spermatogenic epithelium and the number 
of germ cells was diminished in aged Japanese macaques 
testes, spermatogenesis seemed to be conserved since sperm 
were present in the seminiferous tubules [79]. Hamada et 
al.	 found	no	differences	 in	 the	 testis	 volume	of	 older	 and	
younger Japanese macaques, although their older animals 
were younger than the ones studied by Matsubayashi and 
collaborators [80].

Marmosets (Callithrix jacchus) are small primates with 
a maximum lifespan of 16.5 years that have also been used 
as ageing animal models. Marmosets have short generation 
times and relatively low maintenance costs, which makes 
them attractive laboratory models. Like Rhesus macaques, 
marmosets present age-related deterioration parallel to 
humans, including diabetes, chronic renal disease, amyloi-
dosis, and cancer [69]. These characteristics make marmo-
sets suitable models for the study of ageing and a promising 
translation approach to study human ageing and age-related 
diseases [81]. As a model for reproductive ageing, marmo-
sets exhibit some interesting characteristics. Aged marmo-
sets have lower circulating and urinary testosterone levels, 
which are related to hypothalamus-pituitary-gonad (HPG) 
axis dysfunction [82]. In the same study, it was also dem-
onstrated that administration of synthetic GnRH led to 
increased circulating testosterone levels in aged marmosets, 
which suggests that the pituitary maintains its capacity to 
respond to GnRH stimulation, and Leydig cells retain their 
capacity to synthesize and release testosterone.

Another small, short-lived primate with potential inter-
est for the study of ageing is the grey mouse lemur (Micro-
cebus murinus). Mouse lemurs are the smallest and fastest 
developing and maturing primates. They have high breeding 

an accelerated age-associated increase in DNA damage and 
decreased DNA repair in various organs. Elevated oxidative 
stress, thus, is thought to be one of the mechanisms contrib-
uting to the faster ageing in these strains [66]. SAMP mice 
models have also been used in reproduction research [67]. 
Flood	et	al.	described	a	significant	age-related	decrease	in	
testosterone levels in older senescence-accelerated mouse 
prone 8 (SAMP8) mice, without morphological changes in 
the testes [68]. Although accelerated ageing animal models 
exhibit several advantages, it is not known the full extent of 
the reliability of the produced data and its comparability to 
the human ageing processes.

2.2 Non-human primate models of male 
reproductive ageing

Non-human primates constitute the best models for under-
standing human ageing, age-related diseases, as well as the 
effects	 of	 interventions	 to	 increase	 longevity	 due	 to	 their	
numerous similarities to humans [69]. In addition to their 
physiologic, genetic, cognitive, and social similarities, non-
human primates also develop the same pathologies and age-
ing characteristics as humans. Non-human primates display 
various age-related changes in sexual behaviour and in the 
reproductive system, which are similar to some extent to the 
alterations observed in humans [70]. The use of primates 
in research, however, comes with some obstacles, as they 
cannot be manipulated in the same way as rodents and other 
smaller species due to technical and ethical concerns. Their 
size and weight, together with their long lifespan, pose dif-
ficulties	in	the	housing	and	handling	as	well	as	in	the	dura-
tion of studies [71]. Non-human primate research, therefore, 
focuses on a handful of species and studies often include 
few subjects.

Rhesus macaque (Macaca mulatta) is the most exten-
sively non-human primate model used in gerontology 
due to its extraordinary similarity with humans [69]. Rhe-
sus macaques share around 93% genetic homology with 
humans, as several physiological, anatomical, and cogni-
tive features are also parallel to those of humans. Old Rhe-
sus macaques also show increased prevalence of diabetes 
mellitus, neoplasia, sarcopenia, bone loss, compromised 
immune function, and cognitive decline [72–74]. Rhesus 
macaques were also studied for reproductive ageing. Robin-
son	et	al.	reported	a	significant	decline	in	sexual	activity	in	
old Rhesus macaques, characterized by fewer intromissions 
and ejaculations [75]. Several authors found no age-related 
difference	 in	 testosterone	 and	 dihydrotestosterone	 levels	
[75–77]; however, Chambers et al. observed a negative 
correlation between the percentage of testosterone bound 
to testosterone-binding globulin and the sexual behaviour 
in old Rhesus macaques [76]. Kaler et al. found a distinct 
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process that starts with cholesterol mobilization into mito-
chondria. The mobilization of cholesterol, which is the 
rate-limiting step in steroidogenesis, can either occur from 
within the cell, from lipid droplets or plasma membrane, or 
the cholesterol present in the circulating plasma [87]. This 
process is potentiated by the action of the steroidogenic 
acute regulatory protein (StAR) and the translocator pro-
tein (TSPO). The action of both StAR and TSPO is depen-
dent on the LH-induced activation of adenylyl cyclase, and 
consequent increase in cAMP and cAMP-dependent phos-
phorylation of proteins through protein kinase A (PKA) [88, 
89]. Cholesterol is then converted into pregnenolone by 
the C27 cholesterol side-chain cleavage cytochrome P450 
enzyme (CYP11A1), which is located on the matrix side 
of the inner mitochondrial membrane [90]. Pregnenolone 
is metabolized into testosterone in the smooth endoplasmic 
reticulum	 by	 the	 action	 of	 3β-hydroxysteroid	 dehydroge-
nase	 (HSD3B),	 17α-hydroxylase/17,20	 lyase	 (CYP17A1),	
and	 type	 3	 17β-hydroxysteroid	 dehydrogenase	 (HSD17B)	
[91, 92]. Interestingly, LH can regulate both the expres-
sion of steroidogenic enzymes and the action of TSPO and 
StAR, the transmembrane proteins responsible for the trans-
port of cholesterol into mitochondria [90]. Testosterone, in 
turn, regulates LH production and secretion by the pituitary 
through a negative feedback mechanism [93].

Not only is testosterone essential for testicular function 
and spermatogenesis but also for the maintenance of sec-
ondary sexual characters and other physiological functions 
including the maintenance of muscle mass, bone density, 
cognitive function, sexual function, and immune system 
function [94]. Longitudinal studies have shown an age-
dependent slow decline in testosterone serum levels in men 
even in the absence of disease, which may start as early as 
at the age of 30 years old [95]. This age-dependent decrease 
in testosterone levels occurs with a simultaneous increase in 
the levels of LH and FSH, which characterizes this condi-
tion as primary hypogonadism. Due to the age factor, this 
condition is also known as late-onset hypogonadism [96]. 
The low production of testosterone is responsible for a 
myriad of factors related to ageing, including loss of muscle 
mass, bone density, and increased fatigue and lipid accumu-
lation in the adipose tissue [96, 97]. The decrease in testos-
terone levels in older males has also been associated with 
the age-related alterations in sexual behaviour, including a 
decline in sexual performance as observed in several mam-
malian species [98]. In rodents, an increased mount latency, 
intromission latency, ejaculation latency, postejaculatory 
interval, and intercopulatory interval were observed [99]. 
Animal models of reproductive ageing have been widely 
used to determine the aetiology of age-dependent decrease 
in testosterone production (Fig. 2). The data concerning 

capabilities and more than 90% of sequence identity to the 
human genome. In addition, mouse lemurs share some age-
ing characteristics with humans, such as the greying of the 
fur and blindness due to cataracts [83]. Because some ani-
mals develop symptoms of premature ageing, such as cog-
nitive and social decline, brain atrophy, amyloid plaques, 
and cytoskeletal Tau pathology, they have been proposed 
as models for ageing and Alzheimer’s disease [84]. While 
mouse lemurs are of potential interest for the study of age-
ing, their attractiveness as a reproductive ageing model is 
disputable.	 In	effect,	although	 testosterone	 levels	decrease	
with age, the reproductive function is seasonal with a com-
plete pause of gonadal hormones secretions in both sexes 
during the six months of the non-breeding season which 
could compromise conclusions [85].

3 Male reproductive ageing: lessons from 
animal models

3.1 Testicular ageing affects Leydig cell and 
steroidogenesis

In men, testosterone is mainly produced in the testes by 
Leydig cells (95%), whereas a small quantity is produced 
by the adrenal glands (about 5% of circulating testoster-
one) [86]. Testosterone biosynthesis is a complex multi-step 

Fig. 2 Schematic illustration of the mechanisms leading to age-depen-
dent decrease in testosterone production by Leydig cells. A decrease 
in	LH	receptor	expression	and	responsiveness	due	to	ineffective	cou-
pling to Gs protein is hypothesized as one of the major causes for the 
decreased testosterone production by Leydig cells. Simultaneously, 
altered expression of steroidogenic enzymes, including StAR, TSPO, 
and CYP11A1, and alterations in regulatory pathways are also attrib-
uted to decrease testosterone production. Abbreviations: AA – arachi-
donic acid; AC – adenylyl cyclase; COX-2 - arachidonic acid/cyclo-
oxygenase-2; ER - endoplasmic reticulum; LH - luteinizing hormone; 
PDE - phosphodiesterases; PKA – protein kinase A; StAR - steroido-
genic acute regulatory protein; TSPO - translocator protein
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LH, whereas those cells from both older and younger rats 
produce identical quantities of cAMP when treated with for-
skolin, a well-known adenylyl cyclase stimulator [105]. In 
a later study, the same group reported that culture of Leydig 
cells from older Brown Norway rats with dibutyryl cAMP, 
a membrane-permeable cAMP agonist that bypasses the LH 
receptor-adenylyl cyclase cascade, for three days, results 
in testosterone production similar to those from LH-stim-
ulated young cells [108]. Taken together, these results led 
the authors to hypothesize that an LH receptor-G-protein 
coupling defect is the likely cause for the signalling cas-
cade	impairment.	In	support	of	these	findings,	Bakhtyukov	
et	 al.	 reported	 that	 the	 stimulating	 effect	 of	 both	 human	
chorionic gonadotropin (hCG) and TP03, an agonist of LH 
receptor, on testosterone production diminishes with age 
in Wistar rats, as well as adenylyl cyclase stimulation by 
gonadotropin and guanine nucleotide is also diminished, 
which led these authors to also hypothesize a weakening of 
the coupling of LH receptor and Gs protein [109]. Besides, 
Sokanovic et al. demonstrated that the expression of cAMP-
degrading phosphodiesterases is increased in Leydig cells 
from older Wistar rats, which could further contribute to the 
observable age-dependent reduced cAMP levels [54]. In a 
later study, the same group observed that long-term treat-
ment	with	 sildenafil,	 a	 phosphodiesterase	 5	 inhibitor,	 sig-
nificantly	improves	mitochondrial	function	and	testosterone	
production in Leydig cells from older Wistar rats [110].

3.1.2 Cholesterol synthesis and translocation is impaired in 
aged leydig cells

Cholesterol translocation in Leydig cells relies upon the 
action of both StAR and TSPO. Both proteins are regulated 
by LH-induced activation of adenylyl cyclase, increasing 
cAMP and cAMP-dependent phosphorylation of PKA. 
Thus, it is not surprising that aged Leydig cells exhibit 
reduced levels of StAR, TSPO, and other steroidogenic 
enzymes including CYP11A1 [111–113]. Interestingly, it 
has been reported that testosterone biosynthesis is assured 
if enough cholesterol is translocated into the mitochondria 
even with the age-dependent reduction of steroidogenic 
enzymes levels [114], which highlights that defects in the 
cholesterol mobilization due to LH receptor unresponsive-
ness further contribute to the reduced testosterone produc-
tion in aged Leydig cells.

The expression of StAR is responsive to LH, as Leydig 
cells treated with LH expeditiously increase StAR levels 
[115]. In addition, the knockout of StAR completely inhibits 
steroidogenesis [116]. As such, the decreased LH receptor-
G-protein	coupling	efficiency	has	been	found	to	impair	StAR	
expression through the arachidonic acid/cyclooxygenase-2 
(COX-2) pathway. Activation of LH receptor leads to the 

ageing	 effects	 on	Leydig	 cells	 and	 steroidogenesis	 is	 dis-
cussed in the following subtopics.

3.1.1 Aged leydig cells are unresponsive to LH

As the LH levels remain unaltered or high in men, the 
unresponsiveness to LH or loss of steroidogenic capacity 
is mainly attributed to Leydig cells [100, 101], however, 
ageing	effects	on	the	HPG	axis	are	also	the	result	of	altera-
tions in the secretion patterns of both LH and testosterone 
[102]. While rodents are widely used as animal models 
for the study of ageing, the majority of strains undergo a 
decrease in testosterone production due to an age-dependent 
decrease in LH levels. As the alterations are at the hypo-
thalamus-pituitary level, this condition is characterized as 
secondary hypogonadism and thus it is not similar to the 
human condition [97]. The only two exceptions seem to 
be the Wistar and Brown Norway rat. As aforementioned, 
Wistar rats are reported to decrease serum testosterone due 
to reduced LH receptor and steroidogenic gene expression 
while LH levels are maintained [54]. The Brown Norway 
rat displays an age-dependent decrease in testosterone lev-
els with unaltered LH and increased FSH production, ren-
dering this strain as a good model for the study of testicular 
ageing, particularly on Leydig cells and steroidogenesis 
[38].	However,	Wang	et	 al.	 reported	 conflicting	 results	 as	
a decreased in LH levels in older Brown Norway rats was 
observed [40]. Several studies have been conducted using 
the Brown Norway rat strain as a model for testicular age-
ing. Zirkin et al. perfused young (3–6 months old) and old 
(18–24 months old) Brown Norway rat testes with LH and 
observed that the older animals produced less testosterone 
[38].	These	results	were	later	confirmed	by	the	same	group,	
as they observed that isolated aged Leydig cells produce 
less testosterone than their counterparts from younger rats 
[103]. As the number of Leydig cells is thought to be con-
stant during adulthood [104], the reduced testosterone levels 
have been hypothesized to result from the unresponsive-
ness of Leydig cells to LH. The number of LH receptors 
is reported to decline with age [105], although the binding 
of	LH	to	10%	of	LH	receptors	is	sufficient	to	evoke	a	bio-
logical response and maintain testosterone levels [106]. One 
of the main hypotheses concerning the unresponsiveness to 
LH is the decline in cAMP production and consequent PKA 
activity in Leydig cells. The LH receptor is coupled to a 
G-protein, which is responsible for adenylyl cyclase activa-
tion and cAMP production. In turn, the cAMP/PKA signal-
ling pathway is essential for the expression of steroidogenic 
enzymes and the transport of cholesterol into the mitochon-
dria [87, 107]. Interestingly, Chen et al. demonstrated that 
Leydig cells isolated from older Brown Norway rats pres-
ent a decreased production of cAMP when stimulated with 
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question the function of TSPO in cholesterol mobilization 
into the mitochondria. These controversial results, however, 
were contested by some later studies [126–128]. Barron et 
al. studied the same TSPO knockout mice model and found 
that while testosterone levels were normal in younger ani-
mals,	TSPO	 deficiency	 altered	 the	 steroidogenic	 flux	 and	
reduced total steroidogenic output [129]. In addition, these 
authors observed an exacerbated age-dependent decrease 
in testosterone in the TSPO knockout mice, which led the 
authors to postulate that potential compensatory mecha-
nisms that are overwhelmed with ageing are actioned.

3.1.3 Inflammation and redox imbalance in aged leydig 
cells

Leydig	 cells	 and	 their	 steroidogenic	 activity	 are	 affected	
by the testicular environment and local factors produced 
by surrounding cells. An interesting study by Chen et al. 
demonstrated that Leydig cells could be restored in both 
young and old Brown Norway rats upon its deletion by a 
single injection of ethane dimethanesulfonate (EDS) and 
that testosterone production by the new Leydig cells from 
both young and old animals was similar 10 weeks after the 
treatment. Testosterone production, however, was decreased 
in older rats at 30 weeks post-treatment, suggesting that fac-
tors extrinsic to the new Leydig cells are responsible for 
the detected reduction in testosterone production [130]. One 
potential explanation for these observations is the incidence 
of	 inflammation	 and	 high	 oxidative	 stress,	 which	 have	
been linked to the age-dependent decrease in testosterone 
production by Leydig cells. Zhao et al. observed increased 
ROS levels in aged Leydig cells from the SAMP8 mice, a 
senescence-accelerated strain, which were associated with 
increased	 pro-inflammatory	 cytokines	 expression	 [120]. 
Interestingly, another study by the same group reported that 
moderate	exercise	significantly	increased	serum	testosterone	
levels	and	decreased	age-related	inflammation	and	oxidative	
stress in the SAMP8 mice strain [67].	A	chronic	inflamma-
tion status is a well-known feature associated with ageing, 
leading	some	authors	to	define	this	condition	as	“inflammat-
ing”.	The	effects	of	chronic	inflammation	on	the	testis	have	
been	extensively	studied,	with	a	special	focus	on	the	effects	
of	macrophage-derived	inflammatory	mediators	on	Leydig	
cells and steroidogenesis. Macrophages play an important 
and complex regulatory role for Leydig cells’ development 
and	function.	Macrophages	produce	growth	and	differentia-
tion factors for Leydig cells, whose development is arrested 
if macrophages are absent from the testis [131]. Macro-
phages	also	produce	inflammatory	cytokines	that	can	inhibit	
steroidogenesis (as reviewed by Rehman et al. [132]), and 
increase	levels	of	serum	proinflammatory	cytokines;	 these	
increases,	which	occur	 in	chronic	 inflammation	scenarios,	

release of arachidonic acid in Leydig cells, which is metabo-
lized by cellular lipoxygenases, epoxygenases or cyclooxy-
genases. The produced metabolites are known regulators of 
steroidogenesis, more precisely through the downregulation 
of StAR expression [117]. Wang et al. reported that Leydig 
cells from older male Brown Norway rats exhibit elevated 
COX-2 and decreased StAR protein levels in comparison 
to cells from younger rats. Interestingly, a 30-day treatment 
with a COX-2 inhibitor increased testosterone production 
and reverted serum testosterone levels [118]. Chen et al. 
also observed an increased COX-2 and decreased StAR 
expression in Leydig cells from older Brown Norway rats in 
comparison to cells from younger rats [119]. Further, inhi-
bition of COX-2 resulted in increased testosterone produc-
tion in Leydig cells isolated from both older and younger 
rats, which highlights that the age-dependent higher expres-
sion of COX-2 is the likely contributor for decreased StAR 
expression and consequent decreased testosterone produc-
tion. In support of these results, Zhao et al. observed an age-
dependent decrease in both StAR and CYP11A mRNA and 
protein levels in the SAMP8 mice strain [120]. In addition, 
an age-dependent increase in COX-2 protein levels was 
also reported. Bakhtyukov et al. also observed that Star and 
Cyp11a1 gene expression was decreased in elderly Wistar 
rats [109].

Similarly to StAR, TSPO levels were found reduced in 
aged Leydig cells [114]. TSPO functionally interacts with 
StAR and both together are responsible for cholesterol mobi-
lization into the mitochondria of Leydig cells [121]. Chung 
et al. observed that incubation of isolated Leydig cells from 
older Brown Norway rats with two selective TSPO ligands 
(FGIN-1-27	and	Ro5-4864)	significantly	increased	testoster-
one production [122]. Additionally, serum testosterone was 
increased when both ligands were administrated to both old 
and young Brown Norway rats. In a later study by the same 
group, they observed that a single dose FGIN-1-27 admin-
istration maintained increased serum testosterone levels for 
over 10 h whereas it did not alter Star, Tspo, and several 
other steroidogenic enzymes gene expression [123]. Taken 
together, these authors hypothesized that the TSPO selec-
tive ligand FGIN-1-27 would be an interesting substitute for 
exogenous testosterone administration during testosterone 
replacement therapy. Chung et al. observed that adminis-
tration of exogenous testosterone increased serum testoster-
one	levels	but	significantly	reduced	serum	LH,	Leydig	cells	
testosterone production, and intratesticular testosterone to 
below the concentration required to maintain spermatogen-
esis, whereas FGIN-1-27 administration increased serum 
testosterone levels without reducing intratesticular testos-
terone concentrations or altering testicular sperm counts 
[124]. Conversely, Tu et al. reported that TSPO knockout 
mice have normal steroidogenesis [125], which would 
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twice a day for seven days into both young and aged Brown 
Norway rats led to a decrease in GSH content by 70%, in 
testosterone	production	by	50%,	and	a	significant	decrease	
in LH-stimulated cAMP production and steroidogenic 
enzymes [144].	Huang	et	al.	studied	the	effects	of	 testicu-
lar ageing in male C57BL/6J mice and observed a progres-
sive reduction in the expression of two antioxidant enzymes 
(Mn-SOD and GPX-4) and sirtuin 1 (SIRT1). Simultane-
ously, the number of testicular macrophages were found to 
be higher in aged mice [145]. Chung et al. also observed that 
not only the expression of SIRT1 but also that of the nuclear 
factor erythroid 2–related factor 2 (NRF2) was decreased in 
Leydig cells from aged Brown Norway rats [146]. Interest-
ingly, when aged Leydig cells were incubated with nicotin-
amide, a SIRT1 inhibitor, an increase in ROS levels and a 
decrease in testosterone production was observed. Further-
more, when nicotinamide was removed from the medium, 
there was an increase in testosterone production. On the 
other hand, activation of SIRT1 and NRF2 by honokiol and 
sulforaphane, respectively, maintained testosterone produc-
tion when cells were exposed to oxidative stress, induced 
by H2O2 and NaIO3 [146]. NRF2 is a transcriptional factor 
that regulates the expression of several antioxidant enzymes 
and thus a major regulator of the cellular antioxidant system 
[147, 148]. An interesting study with a Nrf2−/− C57BL/6 
mouse model conducted by Chen et al. demonstrated that 
serum testosterone levels and Leydig cell testosterone pro-
duction	were	significantly	reduced	from	middle	age	(eight	
months) to accentuated reduction at old age (21–24 months) 
as compared to wild-type mice [149]. Taken together, age-
ing seems to be related to increased incidence of chronic 
inflammation	and	to	impair	the	antioxidant	system,	leading	
to accumulation of ROS in the testis and consequent reduc-
tion of Leydig cells’ steroidogenesis.

3.2 Testicular ageing affects sertoli cells, germ cells, 
and spermatogenesis

Mounting evidence supports that human ageing is linked 
to male reproductive function decline and decreased sperm 
quality. Ageing is associated with alterations in the mor-
phology and composition of the testis, decreased germ cell 
number, and impaired spermatogenesis which results in 
reduced sperm motility and abnormal morphology [2, 3]. In 
a similar fashion to humans, animal models of reproductive 
ageing display testicular alterations, impaired spermatogen-
esis and reduced sperm quality.

Studies in reproductive ageing models seek to determine 
whether	 the	effects	on	spermatogenesis	and	sperm	quality	
are due to continuous division of spermatogonial stem cells 
and consequent damage accumulation and/or from defects 
in the supporting Sertoli and myoid cells. Spermatozoa are 

are correlated with low circulating testosterone [133, 134]. 
For instance, both macrophages and Leydig cells secrete 
Interleukin	 1	 beta	 (IL-1β),	which	 induces	COX-2	 expres-
sion and subsequent downregulation of StAR [135]. Simul-
taneously, macrophages produce ROS [136]. Leydig cells 
also produce ROS during steroidogenesis due to the activity 
of mitochondrial P450 type enzymes [137]. ROS are essen-
tial for several cellular functions and signalling pathways. 
In turn, oxidative imbalance due to increased ROS produc-
tion and/or impaired antioxidant system leads to oxidative 
damage. The accumulation of oxidative damage is one of 
the causes for ageing and an age-dependent decrease in tes-
tosterone production. Chen et al. reported that Leydig cells 
from aged Brown Norway rats produced more ROS than 
cells from younger rats despite the absolute volume of mito-
chondria in older cells being reduced [138]. Beattie et al. 
observed that Leydig cells isolated from both young and old 
Brown Norway rats produced ROS in response to LH stimu-
lation, however this production peaked later and took longer 
to revert to the control levels in the aged Leydig cells [139]. 
Furthermore, Leydig cells from older rats were observed to 
suffer	 increased	oxidative	DNA	damage	 in	 comparison	 to	
younger cells. Taken together, these results suggest an age-
related diminution in antioxidant function in Leydig cells. 
Compelling evidence highlights that the age-related decrease 
in steroidogenesis by Leydig cells is related to an impaired 
antioxidant system. Cao et al. observed that the expression 
of glutathione (GSH), superoxide dismutase (Cu-Zn-SOD), 
superoxide dismutase 2 (SOD2), and glutathione peroxidase 
1 (GPX-1) was reduced in Leydig cells isolated from old 
Sprague-Dawley rats. The only observable exception was 
the expression of catalase [140]. In support of these results, 
Lao et al. reported that total SOD and GPX activities were 
remarkably decreased in Leydig cells isolated from aged 
Brown Norway rats. In addition, Cu-Zn-SOD, SOD2, GPX, 
and GSH protein expression was decreased, although to a 
lesser extent as compared to the decrease in the activity of 
these enzymes [141]. Further evidence was obtained from 
studies conducted using antioxidant treatments. Chen et al. 
observed that the administration of the antioxidant vitamin 
E to Brown Norway rats, starting at six months and continu-
ing	until	age	twenty-five,	attenuated	the	age-related	reduc-
tion in testosterone production [142],	whereas	Aydın	et	al.	
reported that intraperitoneal injection of carnosine (250 mg/
kg) 5 days a week for 2 months, reverted the increase in 
testicular ROS production and the oxidative stress-induced 
damage in a D-gal ageing model of Wistar rats [143]. In a 
later study, Chen et al. reported that treatment with buthio-
nine sulfoximine (BSO), an inhibitor of GSH synthesis, 
decreased GSH content by 70% and testosterone production 
by 40% in Leydig cells isolated from adult Brown Norway 
rats. Similar results were observed in vivo as BSO injections 
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mice determines the number of germ cells and Leydig cells 
that will be present in the adult testis. In addition, the num-
ber of germ cells and Leydig cells that can be maintained in 
the adult depends directly on the size of the adult Sertoli cell 
population, which led these authors to develop a predictive 
model of the testis cell composition based on Sertoli cell 
population size [156]. Fabricant and Parkening observed an 
age-related increase in the percentage of morphologically 
abnormal spermatozoa in the C57BL/6 mice. In addition, 
the testis of older mice was smaller and presented a thicker 
tunica albuginea [157]. Nakano et al. reconstructed the 
seminiferous tubules of younger and older C57BL/6 mice 
and observed age-related alterations in spermatogenesis due 
to the formation of vacuoles in Sertoli cells [158]. Interest-
ingly, these alterations were more pronounced close to the 
rete testis in comparison to the centre of the testis. Gosden 
et al. found that older CBA/Ca mice (20–23 months old) 
had substantially lower circulating levels of testosterone 
and smaller testis. Testicular and epididymal spermatozoa 
were reduced in number, had more morphologically abnor-
mal spermatozoa and fewer exhibit progressive motility 
[159]. Overall, these studies indicate that not only does 
testicular	ageing	affect	Sertoli	cells	and	germ	cells	but	also	
spermatogenesis.

3.2.1 Age-dependent oxidative stress and DNA damage 
accumulation

Oxidative stress is increased in the aged testis and conse-
quently	 affects	 both	 steroidogenesis	 and	 spermatogenesis.	
Compelling evidence demonstrates oxidative stress is 
related to diminished male fertility, which is exacerbated 
with age due to increased ROS production and decreased 
antioxidant defences. Noblanc et al. found that both oxi-
dative	DNA	damage	and	 lipid	peroxidation	suffer	an	age-
dependent increase in the epididymis of Sod1 knockout mice 
[160]. Weir and Robaire observed that antioxidant defences 
are impaired in spermatozoa from older Brown Norway 
rats. GPX expression and activity were decreased, and SOD 
activity was also diminished. In addition, excessive produc-
tion of ROS was described in spermatozoa from older rats. 
This excessive production of ROS and decreased antioxi-
dant capacity resulted in unbalanced redox homeostasis and 
led to increased lipid peroxidation [161]. Selvaratnam et al. 
found that germ cells from aged Brown Norway rats display 
an earlier decline in viability, elevated levels of ROS, and 
increased spermatocyte DNA damage as compared to young 
cells. The expression of DNA damage repair genes was also 
increased in germ cells from older rats exposed to oxidative 
stress, indicating that a redox dysfunction occurs in aged 
germ cells which results in greater DNA damage and, thus, 
an increased demand for DNA repair [162]. In another study 

continuously being generated in the seminiferous tubules of 
adult males. Spermatogenesis starts with the mitotic divi-
sion of spermatogonia, that act as stem cells (also known as 
spermatogonial stem cells). Spermatogonial stem cells are 
present throughout the lifespan of the male organism and 
their	viability	and	mitotic	capacity	are	affected	by	ageing,	
exhibiting a reduction in numbers in an age-dependent man-
ner [150]. Zhang et al. observed that the number and qual-
ity of spermatogonia decreased with age in ROSA26 mice. 
Interestingly, spermatogenesis was still arrested when sper-
matogonia isolated from younger mice were transplanted 
into the testis of older animals, suggesting that the support-
ing environment had also declined [151]. Kanatsu-Shino-
hara et al. isolated aged spermatogonial stem cells from 
male C57BL/6 mice and observed that they were hyperpro-
liferative, which was related to short telomeres, decreased 
mitochondrial	 function,	 and	 higher	 glycolytic	 profile.	 In	
addition, an age-dependent loss of sperm-forming poten-
tial	was	observed.	These	phenotypes	were	 later	confirmed	
in both mouse (Klotho KO mice) and rat (Brown Norway) 
[152]. Levy et al. observed that the seminiferous tubules of 
older Brown Norway rats were devoid of germ cells and 
contained large intercellular spaces [153]. Alterations in 
aged Sertoli cells were also reported, including complete 
loss of cyclical variations of the organelles, irregularly 
shaped nuclei, and altered morphology of the endoplas-
mic reticulum and lysosomes. In addition, tight junctions 
between adjacent Sertoli cells that constitute the blood-testis 
barrier	were	rarely	identified	in	older	rats.	Taken	together,	
these results led the authors to suggest that the degenera-
tion of germ cells were due to immunological aetiology or 
impaired Sertoli cell support. In support of these results, 
Syed and Hecht also observed impaired Sertoli cell-germ 
cell interactions in aged Brown Norway rats [154]. Wang et 
al. found an accentuated decrease in the total number of Ser-
toli cells per testis in old Brown Norway rats (30 months) 
[42]. In addition, an age-related decrease in seminiferous 
tubules diameter, length, volume and ultimately propor-
tion of testis occupation was reported. The testicular sperm 
concentration	and	total	sperm	production	were	also	signifi-
cantly reduced in older rats. In another study by the same 
group, Wang et al. demonstrated that germ cell loss associ-
ated with ageing occurs via apoptosis, which was found to 
be independent of hypothalamic-pituitary dysregulation as 
LH administration did not decrease or delay testicular func-
tion decline [40]. Also in the Brown Norway rat, Syntin and 
Robaire observed an age-dependent incidence of morpho-
logically abnormal spermatozoa and decreased percentage 
of motile spermatozoa in the cauda of the epididymis, sug-
gesting defects during spermatogenesis and sperm matu-
ration [155]. Rebourcet et al. observed that the size of the 
Sertoli cell population that forms during development in 
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a reduction in sperm motility, as well as an impairment in 
sperm chromatin protamination [168]. Taken together, an 
age-related increase in oxidative stress, which is associ-
ated with an impaired antioxidant system, is responsible 
for diminished reproductive potential and accumulation of 
DNA damage.

3.3 Age-induced epigenetic alterations in 
spermatozoa

The epigenome is a record of nucleic acid and histone 
alterations in an organism, including DNA methylation, 
histone	modifications,	 chromatin	 accessibility,	 and	 altera-
tions in small RNA expression. The epigenome can regu-
late gene expression which can have a transgenerational 
effect,	i.e.	can	be	passed	onto	the	next	generation	following	
fertilization [169]. Lifestyle habits, diet, external environ-
ment, exposure to drugs and pollutants, and other biological 
processes including ageing are known to induce epigenetic 
alterations in spermatozoa which can be transmitted to the 
offspring	 [170]. Spermatozoa are described as a unique 
cell type with a highly specialized epigenome (as reviewed 
by Jenkins et al. [171]). Although the epigenome is very 
sensitive to several factors, the epigenetic alterations and 
their regulatory consequences for the cell or its transgen-
erational	effects	are	still	poorly	understood.	The	incidence	
of advanced paternal age is growing in the Western culture 
due	to	socioeconomic	pressures,	which	significantly	affects	
sperm parameters and induce epigenetic signatures that may 
affect	 the	offspring.	While	 the	number	of	studies	focusing	
on epigenetic alterations in human spermatozoa is steadily 
increasing	due	 to	 growing	 scientific	 interest	 and	potential	
translational applications, transgenerational studies are 
nearly unfeasible in humans due to the time gap between 
generations, confusion with genetic, ecological and cultural 
inheritance,	and	several	others	ethical	and	scientific	issues	
[172]. Thus, transgenerational studies are mainly conducted 
in animal models. The main advantages are the short time 
gap between generations and the possibility to study mul-
tiple generations, strict environmental and dietary control, 
decreased economic weight and ethical issues [173, 174].

DNA methylation patterns are a notably unique feature of 
the	sperm	epigenome,	which	reflects	and	modulates	sperm	
function [171]. Methylation occurs at cytosine residues 
found at cytosine phosphate guanine dinucleotides (CpGs), 
and its occurrence or absence can regulate the transcription 
of genes [175]. Moreover, compelling evidence suggests 
that DNA methylation signatures result in the propagation 
of heritable characteristics. For instance, advanced paternal 
age	is	reported	to	confer	methylation	profiles	that	increase	
the risk of incidence of some forms of cancer [176–178]. 
In addition, advanced paternal age is also associated with 

by the same group, Selvaratnam et al. observed that mice 
overexpressing catalase did not exhibit age-dependent loss 
of spermatozoa or loss of testicular and Sertoli cells [163]. 
In addition, mice overexpressing catalase had lower levels 
of ROS and enhanced DNA repair mechanisms, although 
it appears to fade in advanced age. In turn, aged wild-type 
animals presented increased oxidative stress-induced DNA 
damage. Conversely, Paul et al. isolated pachytene sper-
matocytes and round spermatids from young (4 months old) 
and older (18 months old) Brown Norway rats and observed 
a decreased expression of genes related to DNA repair path-
ways, suggesting that aged germ cells and spermatozoa have 
an impaired DNA repair mechanisms [164]. In a later study, 
the same group reported that aged Brown Norway rats had 
deteriorated spermatogonial stem cells with downregulation 
of genes related to mitosis and DNA repair, which would 
compromise spermatogenesis [165].

Compelling evidence demonstrates that several genes 
and ROS-related pathways play a function in testicular age-
ing.	Nakamura	et	al.	studied	the	effects	of	Nrf2 gene dele-
tion on testicular oxidative stress and fertility. NRF2 is a 
regulator of the cellular antioxidant system, by modulating 
the expression of several antioxidant enzymes. Deletion of 
the Nrf2 gene led to a decrease in testicular and epididy-
mal antioxidant levels, whereas lipid peroxidation and germ 
cell apoptosis were increased. Testicular and epididymal 
sperm	 counts	 and	 epididymal	 sperm	 motility	 suffered	 an	
age-dependent reduction in Nrf2−/− mice. Thus, transcrip-
tion factor NRF2 seems to play an important role in prevent-
ing age-related testicular oxidative stress and its deleterious 
effects	 on	 spermatogenesis	 [166]. Ozkosem et al. studied 
spermatozoa from Prdx6 knockout mice and observed an 
age-dependent reduction in sperm quality. Peroxiredoxin 6 
(PRDX6) is an antioxidant enzyme that has both GPX and 
Ca2+-independent phospholipase A2 activities and protects 
the cells from oxidative stress-mediated damage. Sperm 
DNA fragmentation and oxidation were increased, whereas 
sperm DNA protamination and compaction were decreased 
in spermatozoa from aged males Prdx6−/− mice. The 
absence of PRDX6 also caused an age-dependent impair-
ment in sperm maturation and diminished sperm motility. In 
addition, Prdx6−/− aged males revealed a decrease in fertil-
ity, indicated by fewer litters and smaller litter sizes, when 
compared to wild-type. These results suggest an important 
role of PRDX6 in the management of age-associated oxida-
tive stress [167]. Smith et al. found that thioredoxin domain-
containing proteins (TXNDC) 2 and 3, which participate in 
the regulation of the redox status of spermatozoa, play an 
important role in the protection against oxidative stress in 
sperm	from	aged	mice.	TXNDC	deficient	spermatozoa	were	
found	to	suffer	from	an	age-dependent	increase	in	ROS	pro-
duction, DNA damage and lipid-aldehyde-protein adducts, 
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was upregulated in the sperm of aged C57BL/6 mice, which 
was linked to subpar sperm motility potentially due to sup-
pressed mitochondrial function and reduced ATP production 
[190].	Wu	et	al.	identified	10	differently	expressed	miRNA	
in spermatozoa from younger as compared to aged bulls, 
which were related to embryo development and metabo-
lism and protein synthesis in blastocysts [191]. Still, further 
research in age-related epigenetic alterations is needed to 
clarify the role of these RNAs and identify potential bio-
markers of age-related dysfunctions.

4 Negligible senescence animal models: the 
future for reproductive ageing studies?

Most of our current knowledge and the research focused 
on the mechanisms of reproductive ageing have been per-
formed using the aforementioned classical models such as 
the mouse (Mus musculus) or rat (Rattus norvegicus). As 
aforementioned discussed, the use of these animal models is 
inherent to their well-known advantages. Yet, these models 
exhibit several drawbacks – the narrowing of the ageing pro-
cess to fewer species, which impairs a broader understand-
ing of the mechanisms that determine ageing, and mice and 
rats have a considerably short life expectancy and age faster 
than theoretically expected, representing negative outliers 
to the maximum longevity theories that correlate lifespan 
and body size [192]. Besides, whether the molecular age-
ing mechanisms described in these rodent species can be 
extrapolated	to	humans	is	unclear,	as	life-prolonging	effects	
developed for short-lived species do not exhibit the same 
effects	in	the	long-lived	ones	[193].

Negligible	 senescence	was	 first	 introduced	 by	 the	 bio-
gerontologist Caleb Finch to connote organisms that do not 
demonstrate senescence, i.e., reduction of their reproduc-
tive capability, functional decline, or rising death rates with 
age [194, 195]. As some of these organisms maintain their 
reproductive capability for longer, the characterization of 
the molecular mechanisms underlying these processes and 
its comparison to the classical ageing models are of high 
interest. For instance, older lobsters of the genus Homarus, 
which are estimated to reach 50 years in the wild and up to 
100 years in captivity [196], are thought to be more fertile 
than their younger counterparts [197]. Interestingly, their 
telomerase activity is high in adult specimens and all tissues 
[27]. Another interesting species is the ocean quahog of the 
North Atlantic (Arctica islandica), whose highest reported 
lifespan was of 507 years. This long-lived bivalve clam has 
the characteristic of reaching sexual maturation rapidly, 
without	exhibiting	significant	biological	ageing	for	decades	
[198]. A high antioxidant capacity is reported in this species 

neuropsychiatric	 disorders	 in	 the	 offspring.	 There	 is	 evi-
dence that older fathers are positively linked to an increased 
risk	of	schizophrenia	in	the	offspring	[179, 180]. Autism is 
also positively correlated with increased paternal age [181, 
182]. Interestingly, some animal models were able to rep-
licate these neuropsychiatric phenotypes. Milekic et al. 
compared	the	DNA	methylation	profile	from	young	and	old	
male	129SvEv/Tac	mice	and	observed	a	significant	loss	of	
methylation related to transcriptional regulation in the older 
group.	Besides,	the	offspring	had	similar	DNA	methylation	
alterations in the brain that were associated with behaviour 
changes and transcriptional dysregulation of developmen-
tal genes implicated in autism and schizophrenia [183]. In 
support of these results, a previous study by Smith et al. 
also observed reduced social and exploratory behaviour in 
the	offspring	of	older	male	C57BL/6J	mice	as	compared	to	
younger fathers [184].

Beyond the potential neuropsychiatric consequences, 
advanced paternal age is also linked with several other 
transgenerational	effects.	Xie	et	al.	observed	a	reduced	lifes-
pan and an exacerbated development of ageing traits in the 
offspring	of	older	male	C57BL/6JRj	mice	as	compared	 to	
the	offspring	mice	of	young	fathers	[185]. In addition, sev-
eral	differentially	methylated	promoters	of	genes	involved	
in the regulation of evolutionarily conserved longevity 
pathways and increased activity of the mTORC1 pathway 
were observed. Interestingly, mTOR inhibition by rapamy-
cin mitigated the observed development of ageing traits in 
the	offspring	of	older	mice	[185]. Oakes et al. compared the 
methylation	profile	in	spermatozoa	and	liver	of	young	and	
old Brown Norway rats and observed age-dependent hyper-
methylation of ribosomal DNA, which led the authors to 
suggest that spermatozoa are vulnerable to age-dependent 
DNA methylation alterations that could lead to abnormali-
ties in fertility and progeny outcomes [186].

Although few studies are found in the literature, age-
related alterations in miRNA expression have also been 
reported. In a recent study, Han et al. performed a tran-
scriptome analysis of testes in C57BL/6 mice (3, 6, 12, and 
18 months old) and observed that the expression of 1571 
mRNAs and 715 lncRNAs changed during testicular ageing, 
from	which	46	mRNAs	and	34	lncRNAs	were	identified	as	
stringently related to the terminal stage of male reproduc-
tive ageing [187].	Interestingly,	some	of	the	identified	RNAs	
are related to hormonal regulation. In Wistar rats, Suvorov 
et al. detected an altered expression of 249 miRNA, 908 
piRNA and 227 tRNA-derived RNA in aged as compared to 
younger animals [188]. Curiously, Matsushima et al. found 
no	differences	between	miRNAs	and	 tRNAs	 in	 spermato-
zoa from aged as compared to young house sparrow [189]. 
Even fewer studies addressed the functional or regulatory 
activity of these RNAs. Ma et al. observed that miR-574 
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5 Conclusion and future perspectives

Studying the biological and physiological processes concern-
ing human ageing has several clinical and socioeconomic 
potential advantages. The population of Western countries 
is getting older due to decreased natality rates, lifestyle, and 
crescent preoccupation and social pressure for career-driven 
life choices. Thus, the average age is slowly increasing and 
its study will bring novel therapies and improve healthcare, 
increasing the quality of life for elder people. At the same 
time, paternal age is increasing. Advanced paternal age has 
consequences	 for	 the	 offspring	 and	 the	 risk	 of	 develop-
ment of several neuropsychiatric conditions has been docu-
mented. Nevertheless, the full extent of advanced paternal 
age-related consequences is unknown. More than molecular 
and chemical, age-related genetic and epigenetic alterations 
in the germ cell line demand further research.

Most of the current knowledge on male reproductive 
ageing is collected from ageing animal models, the major-
ity from rodent species. The study of these animal models 
has several advantages, including standardization, ease of 
manipulation, lower time between generations, and reduced 
costs. The Brown Norway rat is considered the cornerstone 
for the male reproductive ageing study as it is most proxi-
mal to the human male reproductive ageing condition and 
its breeding costs are low. Albeit rodents and humans share 
a high genetic similarity [226],	significant	differences	exist.	
While human studies have also been conducted, the lack of 
standardization and unfeasibility to control genetic back-
grounds and invasiveness of the methods hamper the con-
struction of solid conclusions. For this purpose, studies with 
a large number of subjects will provide valuable data.

An interesting approach for the male reproductive age-
ing study is to investigate and characterize the tail of the 
coin. Animals with negligible senescence do not undergo 
age-related reproductive decline. Yet, several questions 
arise and would result in compelling results: why does it 
occur? What are the molecular mechanisms that regulate 
their steady reproductive capability? How do they cope 
with damage accumulation and oxidative stress? The naked 
mole-rat, the only potential mammal with negligible senes-
cence could become a very attractive ageing (or anti-ageing) 
animal model that will provide valuable data for ageing stud-
ies. Fortuitously, novel therapeutic targets that are likely to 
result in innovative therapies against advanced paternal age 
and age-related male reproductive consequences are also 
expected to be set in the future.
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which stabilizes at the age of 30 and do not decline further 
with age [199, 200].

Among mammals, mole-rats from the Fukomys and Het-
erocephalus genera attract gerontologists the most due to 
their high longevity. Fukomys species present a lifespan of 
more than 20 years [201, 202], which has been posited to 
be due to the great proteasome activity and high stability 
of gene expression during ageing [203, 204], particularly 
among genes related to mitonuclear balance, protein syn-
thesis,	autophagy,	inflammation,	and	resistance	to	hypoxia	
or cancer [205, 206]. A unique feature among Fukomys spe-
cies is the fact that breeders live about twice as long as their 
non-reproductive	 conspecifics,	 which	 brings	 the	 opportu-
nity to study intra-species comparisons [201, 207]. On the 
other hand, naked mole-rats (Heterocephalus glaber) are 
the rodents with the highest lifespan, exceeding 30 years 
[208]. It is reported that ageing and age-related complica-
tions are virtually absent for 80% of their lifespan [209]. 
Notably, naked mole-rats exhibit a sustained fecundity and 
an age-independent mortality rate, leading some authors to 
suggest	 that	 this	 species	 is	 the	 first	 known	mammal	with	
negligible senescence [28]. Some authors, nevertheless, 
consider these assumptions premature [210]. Similarly to 
the Fukomys species, naked mole-rats exhibit higher cancer 
resistance [211],	 efficient	DNA	damage	 repair	 [212, 213], 
higher autophagy rates of damaged cells [214], proteasome 
activity [215], and telomere and epigenome maintenance 
[216, 217]. Compelling evidence highlights that naked 
mole-rats challenge the free radical theory of ageing, as 
ROS production in this species is unexpectedly high [218]. 
Mitochondrial protein expression and function, and ROS 
production are maintained during their lifespan [219–221]. 
Consequently, oxidation levels of lipid, protein and DNA 
are higher than those observed in mice [222, 223], although 
naked mole-rats have a more pronounced antioxidant sys-
tem [218]. In addition, there is evidence that suggests that 
ROS do not cause damage on cell membranes and arteries 
from naked mole-rats [224, 225], which renders these mam-
mals interesting models for the study of protection against 
oxidative stress.

While the maintenance and breeding of mole-rats in cap-
tivity are relatively easy, it has some drawbacks. Generation 
times are fairly long and these species produce small litters. 
Mean litter sizes are of 2–3 animals, which only reach full 
maturity in the second year of life. In addition, the complex 
social system and the loss of the queen may lead to longer 
periods of social instability without reproduction, which 
could	 lead	 to	 the	 death	 of	many	 individuals	 due	 to	fights	
for successorship [174]. The captivity and manipulation of 
these species, therefore, are more challenging when com-
pared with the classical mice or rat models.
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