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Abstract

Over the past decades, the age of first-time fathers has been steadily increasing due to socio-

economic pressures. While general mechanisms of aging are subject to intensive research, male 

reproductive aging has remained an understudied area, and the effects of increased age on the 

male reproductive system are still only poorly understood, despite new insights into the potential 

dire consequences of advanced paternal age for the health of their progeny. There is also growing 

evidence that reproductive aging is linked to overall health in men, but this review focuses mainly 

on pathophysiological consequences of old age in men, such as low sperm count and diminished 

sperm genetic integrity, with an emphasis on mechanisms underlying reproductive aging. The 

steady decline of NAD levels observed in aging men represents one of the emerging concepts in 

that regard. Because it offers some mechanistic rationale explaining the effects of old age on the 

male reproductive system, some of the NAD-dependent functions in male reproduction are briefly 

outlined in this review. The overview also provides many questions that remain open about the 

basic science of male reproductive aging.

In brief:

In light of the increasing age of first-time fathers, this article summarizes the current scientific 

knowledge base on reproductive aging in the male, including sperm quality and health impacts for 

the offspring. The emerging role of NAD decline in reproductive aging is highlighted.

Introduction

The age of first-time parents in developed countries has significantly risen in recent years, 

a delay that has been coupled to increased infertility problems, along with growing concern 

for the long-term health and well-being of children of older parents (Khandwala et al., 2017, 

2018; Chan and Robaire, 2022; Eisenberg, 2022; Aitken, 2023). The reproductive system 
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drastically declines with age, with far-reaching implications for an individual’s overall 

health, fertility and, as recent research suggests, even their children’s health (Kaufman et al., 

2019; Frungieri et al., 2021; Matzkin et al., 2021; Meyer and Meyer-Ficca, 2021).

In men, the overall age-related health decline is accompanied by late-onset hypogonadism 

(LOH), defined by reduced testosterone levels, a key indicator of male health maintenance 

(Ide 2023), with consequences for somatic health and germ cell production (Zirkin and 

Tenover, 2012; Golan et al., 2015). Diminished testosterone levels in LOH markedly affect 

physical, metabolic and mental health, and are associated with sarcopenia, reduced sexual 

activity, cognitive function and overall vitality (Bhasin et al., 2018; Zitzmann, 2020; Ide, 

2023). Low testosterone is also associated with elevated depression scores in elderly men 

(Seidman et al., 2002), and contributes to deteriorating liver function, lipid metabolism, bone 

density, and hemoglobin synthesis (Bagatell and Bremner, 1996).

Spermatogenesis depends on appropriately high levels of testicular testosterone, which 

is synthesized by Leydig cells in the testis, and sufficient numbers of healthy Sertoli 

cells. Both cell types decrease with increasing age in humans, resulting in impaired 

spermatogenesis (Mularoni et al., 2020), lowered sperm counts, and worsening semen 

and sperm quality, including increased sperm morphological defects, DNA damage, and 

epigenetic alterations (Schmid et al., 2007; Oliveira et al., 2014; Kleshchev et al., 2023). 

This age-related rise in genetic and epigenetic sperm abnormalities causes increased 

incidences of pregnancy loss, congenital defects and single gene mutations in humans 

(reviewed in (Yatsenko and Turek, 2018), with similar observations made in animal models 

(Serre and Robaire, 1998). Recent research results have made it clear that gamete quality 

has long-term consequences for offspring health, described by the parental origin of health 

and disease (POHaD), akin to the Developmental Origin of Health and Disease (DOHaD) 

concept, which is based on the realization that developmental circumstances during early 

development and the prenatal phase shape individual long-term health (Caballero-Campo et 

al., 2018; Batra et al., 2022).

This growing awareness of how important sperm quality is for optimal offspring health 

contrasts with our still limited understanding of the molecular processes that govern male 

gamete production in general (Kimmins et al., 2023), and, relevant for our aging society, 

the aging-associated physiological changes in the male reproductive system. The general 

aging process is thought to be driven by a set of molecular and cellular changes that occur 

during aging. These changes, referred to as the “hallmarks of aging”, include decreased 

genomic stability, mitochondrial function and telomere maintenance, as well as increased 

epigenetic alterations, deregulated nutrient sensing, and increased inflammation (López-Otín 

et al., 2023). Deteriorating homeostasis of these processes appears to be the main unifying 

factor, but specific insights into mechanisms of male reproductive aging are still scarce. 

The finding that blood and tissue levels of the coenzyme nicotinamide adenine dinucleotide 

(NAD) become gradually lower as humans age (Massudi et al., 2012) argues that NAD 

deficiency is one of the hallmarks of aging. Because NAD is involved in many biochemical 

processes central to tissue and energy homeostasis, insufficient availability of NAD in the 

aging male is emerging as an important factor in reproductive aging.
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This review gives an overview over current insights into age-related changes that occur 

in males, with a focus on testicular function and fertility, consequences of increasing age 

for sperm quality, and health risks for offspring of elderly fathers. Some current concepts 

regarding molecular mechanisms, including those related to diminished NAD availability in 

aging men, that might be involved in diminished sperm quality and the increase in health 

problems seen in elderly men and their offspring, are presented.

The Aging Testis

Age-associated reproductive decline is both a species- and gender-specific process (Santiago 

et al., 2019). In women, this process is associated with menopause, a well-documented 

phenomenon that results in complete cessation of ovulation. In men, reproductive decline, 

or andropause, occurs gradually with age with greater individual variation and complete 

termination of reproductive capacity is rare. Male reproductive aging is not fully understood 

but appears to be a combination of both structural and molecular alterations in the 

reproductive system, including changes in the sensitivity of the hypothalamic-pituitary axis, 

likely due to age-related diseases and/or environmental impacts over time (Choubey et 

al., 2019; Santiago et al., 2019). The reproductive system is not only needed for species 

procreation, but the associated sex hormones also contribute to a healthy metabolism and 

longevity (Wu et al., 2008; Martins Da Silva and Anderson, 2022). Therefore, understanding 

the underlying mechanisms of testicular aging will contribute to improved reproductive 

success and offspring health, as well as to the development of therapeutic strategies to 

attenuate potential age-related diseases in men, as is laid out in the following sections.

Male Hormonal Control and Aging

The hypothalamic-pituitary-testicular (HPT) axis is needed for the maintenance of 

male development and reproduction, namely steroidogenesis and spermatogenesis, and 

appearance of secondary sex characteristics (Gunes et al., 2016; Almeida et al., 2017; 

Martins Da Silva and Anderson, 2022). Briefly, under normal conditions gonadotropin-

releasing hormone (GnRH), a key regulator of the reproductive axis, is secreted in pulses 

from the hypothalamus to the anterior pituitary gland stimulating the release of two 

gonadotropic hormones, luteinizing hormone (LH) and follicle stimulating hormone (FSH), 

into the bloodstream, which, in turn, regulate gametogenesis in the gonads. LH release 

induces testosterone synthesis in Leydig cells, whereas FSH causes Sertoli cells to produce 

androgen binding protein (ABP) and inhibin B, molecules essential for spermatogenesis and 

establishment of a negative-feedback loop on the HPT axis.

Age-related changes to the HPT axis are complex, multifaceted, and difficult to accurately 

measure in men (Almeida et al., 2017) (section 1 in Fig. 1). For instance, while there is 

large individual variation in serum testosterone levels, observational studies have reported 

that the population mean declines with age even in the absence of disease. This suggests 

diminished hypothalamic secretion of GnRH, although impossible to directly measure in 

humans (Wu et al., 2008; Sharma et al., 2015; Almeida et al., 2017; Sokanovic et al., 

2018; Kaufman et al., 2019). Testosterone is the major anabolic hormone in men and low 

testosterone not only negatively affects testicular and reproductive functions but is also 
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associated with mood changes, osteoporosis, and sarcopenia, contributing to reduced quality 

of life in elderly men. Low serum testosterone is due to reduced synthesis of the steroid 

hormone by the Leydig cells, even in the presence of the appropriate levels of LH, which 

is likely a consequence of both HPT axis impairment and decreased Leydig cell number 

(Wu et al., 2008; Kaufman et al., 2019). Additional factors, including impaired testicular 

perfusion and reduced testosterone release into the blood stream, further contribute to low 

serum testosterone levels (Santiago et al., 2019). Obesity is a known confounding factor with 

significant effects on testosterone levels independent of chronological age. Furthermore, 

while testosterone levels typically decline with age, levels of estradiol, a testosterone 

metabolite formed by aromatase activity and the major biologically active estrogen, have 

been reported to be less affected (Vermeulen et al., 2002). Aromatase activity also increases 

with age and obesity in males, where research has demonstrated that weight loss in the 

elderly is associated with a significant decrease in total and free estradiol levels and a 

corresponding increase in serum testosterone. Increased estradiol levels can also impact the 

LH feedback loop in males, which, in turn, may directly affect testosterone production by 

the Leydig cells during aging. Overall, concomitant with low testosterone levels, aging men 

typically have increased serum levels of LH and FSH and lowered estradiol and inhibin 

B, indicating an age-related disruption in the HPT axis feedback loop in otherwise healthy 

individuals (Wu et al., 2008; Sharma et al., 2015; Gunes et al., 2016; Almeida et al., 2017; 

Kaufman et al., 2019; Santiago et al., 2019).

Additional evidence suggests that hypothalamic functions are regulated, at least in part, 

through NAD, a coenzyme involved in numerous redox reactions and energy metabolism, 

as well as sirtuins, which are NAD-consuming deacetylases. The limited availability of 

NAD with increasing age likely contributes to hypothalamic dysregulation (Roh and Kim, 

2020). Recent research demonstrated that in a mouse model that recapitulates body-wide 

NAD deficiency in humans, young male NAD-deficient mice displayed testicular shrinkage 

and impaired spermatogonial proliferation and differentiation with reduced sperm counts, 

similar to that observed in old mice (Meyer-Ficca et al., 2022). When NAD was increased 

back to young levels, testis weights recovered in the animals and normal spermatogenesis 

was restored, confirming the importance of NAD in healthy testicular function. This study 

suggests that low NAD levels may link metabolic changes as a hallmark of aging with 

declining male fertility. However, further research is required to better understand the 

complex changes of the HPT axis that are associated with testicular decline in the aging 

male, and the underlying mechanisms at work.

Spermatogenesis and Aging

The testicular parenchyma comprises highly convoluted seminiferous tubules, in which 

spermatogenesis occurs, and the surrounding interstitial compartment with Leydig cells, 

for steroidogenesis, peritubular myoid cells, as a major component of the tubule wall, 

and further blood vessels with endothelial cells, and immune cells (Kaur et al., 2014; 

Santiago et al., 2019). The seminiferous epithelium within the tubules contains Sertoli 

cells and developing germ cells. Tight junctions between adjacent Sertoli cells constitute 

the blood-testis barrier (BTB) that protects germ cells from the immune system. The 

germ cells develop in highly organized stratified layers that are formed by consecutive 
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divisions of spermatogonial stem cells (SSC) located at the basement membrane, followed 

by their differentiation to primary and secondary meiotic cells (spermatocytes). After 

meiosis, haploid germ cells differentiate from round to elongated spermatids, and finally 

form testicular spermatozoa in the tubule lumen.

Testicular volume has been reported to get smaller with age in both humans and some rodent 

models, including mice and rats (Syed and Hecht, 2001; Anjum et al., 2012; Choubey et 

al., 2019; Santiago et al., 2019; Meyer-Ficca et al., 2022) (section 2 in Fig. 1). Histological 

and ultrastructural studies in humans have reported age-related aberrations in testicular 

structure, including abnormal seminiferous tubule size, thickening of the basal membrane, 

fibrosis, vacuolization of Sertoli cells with diminished inter-Sertoli tight junctions, decreased 

germ-, Sertoli-, Leydig- and peritubular myoid cell numbers, mitochondrial dysregulation, 

and atherosclerosis of testicular arteries (Jiang et al., 2014; Kaufman et al., 2019). Such 

degenerative changes have been attributed to changes in apoptosis and cell proliferation 

in the aged testis, as well as the breakdown of inter-Sertoli tight junctions suggesting 

damage to the BTB, which all may contribute to abnormal spermatogenesis (Jiang et al., 

2014). Furthermore, steroid hormone alterations during aging have been proposed as a 

potential cause for these types of damage as well. Recently, Pohl et al. evaluated the 

age-related effects on spermatogenesis, spermatogonial dynamics, and Sertoli cells in a 

cohort of men with normal spermatogenesis. They described similar tubular structures and 

subpopulations of undifferentiated spermatogonia across age groups, but found an increased 

proportion of proliferating spermatogonia in older men (Pohl et al., 2019). This increased 

spermatogonial proliferation led to decreased spermatogenic efficiency, with fewer post-

meiotic cells (round spermatids) being produced per active spermatogonium. Additionally, 

changes in the nucleoli of Sertoli cells were evaluated as an indicator of cellular metabolic 

aging. Here, the size of the nuclei and nucleoli in Sertoli cells, as well as the number of 

nucleoli per Sertoli cell nucleus, increased with age, potentially indicating altered protein 

synthesis rates. Overall, these age-related changes in germ cell dynamics and Sertoli cells 

are consistent with stem cell exhaustion and altered stress responses.

In addition to forming the BTB, Sertoli cells are crucial for spermatogenesis through the 

secretion of transport proteins and regulatory factors (Syed and Hecht, 2001). In aging 

testes, the expression of various Sertoli cell proteins declines, coinciding with fewer 

spermatids associated with Sertoli cells. Thus, the loss of germ cells during aging could 

be due to changes in the Sertoli cells’ ability to support germ cell development or to 

intrinsic properties of aging germ cells. Efforts to evaluate the effects of aging Sertoli cells 

on spermatogenesis in Brown Norway rats revealed a selective loss of gene expression in 

germ cells and Sertoli cells in regressed testes, specifically a decline in the expression of 

von Ebner’s-like protein and serotonin receptor protein, suggesting that cellular signaling 

breakdown contributes to impaired spermatogenesis and testicular regression (Syed and 

Hecht, 2001).

There is an interrelationship between changes in tight junctions, the p38 mitogen activated 

protein kinase (MAPK) / Matrix metalloproteinase 9 (MMP9) pathway, and autophagy in 

Sertoli cells during aging. This has been investigated in male Sprague-Dawley rats, where 

researchers found that the structure and function of tight junctions progressively degenerate 
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with age leading to spermatogenesis disorders, likely due to activation of the p38 MAPK/

MMP9 pathway in Sertoli cells (Ma et al., 2022). Activation of the p38 MAPK pathway 

can disrupt the tight junction barrier and decrease the expression of BTB proteins that are 

important for normal spermatogenesis (Ma et al., 2022). MMP9, a tissue-degrading protease, 

has also been associated with the degradation of tight junction proteins and its expression 

and activity can be activated by the p38 MAPK pathway. Autophagy is known as the process 

of degrading cellular materials in lysosomes, which can serve as a protective mechanism by 

removing damaged organelles and providing energy but may also contribute to cell damage 

if overactivated (Madeo et al., 2010; Matzkin et al., 2021; Wang et al., 2022). Functional 

autophagy has been shown to improve cell survival and fitness, while removal or silencing 

of essential autophagy genes often leads to cell death. Furthermore, reduced autophagy 

has been found to be associated with accelerated aging, and aging-related diseases, while 

enhanced autophagy is involved in protecting against the aging process. In the testis, 

autophagy is an important catabolic pathway involved in various physiological processes and 

spermatogenesis, including cell residual bodies disposal, regulation of testosterone synthesis, 

structural reconstruction, growth, and development (reviewed in Ma et al., 2018; Zhu et al., 

2019; Wang et al., 2022; Yan et al., 2022; Raee et al., 2023). Specifically, autophagy in 

Sertoli cells is essential for normal spermatogenesis and its impairment has been linked 

to disrupted BTB integrity. Additionally, Ma et al., showed that autophagy was also 

impaired in Sertoli cells with increasing age, as evident by decreased numbers of autophagic 

vesicles in the cytoplasm, accompanied by vacuoles, a swollen endoplasmic reticulum, and 

disordered mitochondria (Ma et al., 2022). These results suggest that the disruption of tight 

junctions, through activation of the p38 MAPK/MMP9 pathway and diminished autophagy 

in Sertoli cells, contribute to degeneration of spermatogenesis during aging. Overall, these 

findings implicate age-associated morphological and structural deterioration of the BTB in 

testicular aging and shed light on the mechanisms underlying the aging-related decline in 

spermatogenesis and testicular function.

Testicular Metabolism and Aging

Recent reports have elucidated testicular metabolome changes that occur with aging and 

declining reproductive potential (Jarak et al., 2018; Choubey et al., 2019; Meyer-Ficca et al., 

2022; Fang et al., 2023). Using a nuclear magnetic resonance-based metabolomics approach, 

testicular metabolic profiles of 3 to 24-month-old Wistar rats revealed age-associated 

decreases in antioxidant-defense-related metabolites that are normally important for 

maintaining the spermatogenesis microenvironment by limiting oxidative stress, specifically 

betaine, creatine, and glutathione, in addition to changes in amino acid, nucleotide, and 

phospholipid synthesis (Jarak et al., 2018). The expression levels of lactate dehydrogenase 

(LDH) and monocarboxylate transporter also decreased in the testis of older rats, indicating 

age-related changes in lactate metabolism and potential lactate accumulation in Sertoli cells 

with restricted availability to developing germ cells.

Furthermore, adiponectin, an adiposity hormone that is involved in regulating 

spermatogenesis, steroidogenesis, and maintaining insulin sensitivity in the testis, along 

with expression of its two receptors, AdipoRl and AdipoR2, was found to be significantly 

decreased in the testis of aged (> 65-week-old) mice (Choubey et al., 2019). The reduction 
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of adiponectin/adiponectin-receptor numbers was also associated with a significant decline 

in testicular mass, testosterone synthesis and insulin receptor expression, potentially 

leading to metabolic aberrations, while exogenous adiponectin administration enhanced 

glucose transport, increased insulin sensitivity, and reduced oxidative stress, improving both 

testicular function and stimulation of spermatogenesis. The findings suggest that adiponectin 

plays a role in normal testicular function and that decreased adiponectin may contribute to 

impaired spermatogenesis during aging.

Impaired steroidogenesis seems to correlate with reduced testicular glucose concentrations 

in aging mice (Anjum et al., 2012). Interestingly, testosterone synthesis was not significantly 

impacted using an Acquired Niacin-Deficiency (ANDY) mouse model, where removal 

of niacin from the diet results in body-wide NAD-deficiency that leads to impaired 

spermatogenesis reminiscent of premature aging over time (Meyer-Ficca et al., 2022). 

However, the levels of retinol, a precursor molecule for retinoic acid (RA) synthesis that 

is essential for spermatogonial proliferation and differentiation, were significantly elevated 

in young NAD-deficient mice and in old mice, in comparative metabolomics analyses. 

Under normal conditions, retinol is first oxidized to retinal by retinol dehydrogenase 

(RDH10) and then to RA by aldehyde dehydrogenases (ALDHA1/2/3), all of which are 

NAD-dependent enzymes. Here, testicular retinol and NAD concentrations were highly 

significantly inversely correlated, suggesting that the observed testicular decline in young 

ANDY and old mice may, at least in part, be caused by an impaired rate-limiting step in the 

RA synthesis pathway due to insufficient NAD availability.

The testicular interstitial fluid (TIF) surrounding the seminiferous tubules contains important 

proteins and hormones that contribute to testicular cell regulation (Han et al., 2023). Using 

a mouse model, age-related changes in the testicular microenvironment were reported 

to also be reflected in the molecular profiles of the TIF (Li et al., 2021; Han et al., 

2023). Specifically, evaluation of the TIF proteome of young (3-month-old), middle-aged 

(13-month-old), and old (18-month-old) mice using metabolomics techniques revealed 

age-related differentially expressed proteins (DEPs) associated with actin cytoskeleton 

organization, intrinsic apoptotic signaling pathways, and regulation of protein transport, 

among others (Li et al., 2021). Additionally, multi-omics analysis of transcripts in 

TIF-exosomes integrated with metabolomics of whole TIF of young (3-month-old) and 

aged (21-month-old) mice identified several age-related differentially expressed genes 

(DEGs). Gene ontology (GO) analysis of DEGs revealed primarily age-related changes 

in oxidative stress and metabolism (including “oxidation-reduction”, “response to oxidative 

stress”, “tricarboxylic acid cycle”, “fatty acid beta-oxidation”) (Han et al., 2023). Finally, 

metabolomics analysis of TIF in aged compared to young mice demonstrated significantly 

enriched pathways including purine and histidine metabolism, pantothenate and coenzyme 

A biosynthesis, as well as arachidonic acid metabolism. Taken together, these findings 

suggest that metabolic changes play a significant role in the aging process with key 

affected processes related to decreased energy metabolism, impaired antioxidant capacity, 

dysregulation in lipid metabolism, and increased oxidative stress.
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Transcriptional Changes in the Aging Testis Implicate Increased Inflammation

Whole-transcriptome RNA-sequencing (RNA-seq) analysis has been used to profile 

potential transcriptomic changes underlying male reproductive aging (Han et al., 2021; 

Huang et al., 2022a). When testicular expression patterns of mRNAs and long-noncoding 

RNAs (lncRNAs) were evaluated in 3-, 6-, 12- and 18-month-old mice, modest age-related 

transcriptional changes were observed (Han et al., 2021). Notably, genes related to steroid 

hormone synthesis by Leydig cells in the testis, including Cyp17a1, Cyp11a1, and Klk1b27, 

were affected by age, which in turn could affect gene regulation in male germ cells. 

Additionally, gene enrichment analyses showed that upregulated DEGs in aged (21-month-

old) compared to young (3-month-old) mouse testes were enriched for functions related 

to immune response activity, most notably “positive regulation of cytokine production”, 

and identified the immune-associated gene Pla2g2d as a candidate biomarker for male 

reproductive aging (Huang et al., 2022a).

A healthy pool of proliferating SSCs is essential for male fertility and diminishing numbers 

of SSCs have been observed during aging (Dong et al., 2022). When age-dependent 

changes in SSC function were evaluated in mice, aged (15-month-old) undifferentiated 

spermatogonia displayed aberrant expression of meiosis-related genes, possibly mediated 

by Taf7l, compared to young (6-month-old) undifferentiated spermatogonia (Liao et al., 

2021). Additionally, Ddit4, which mainly functions to inhibit the mammalian target 

of the rapamycin (mTOR) pathway that is important for regulating proper stem cell 

function, was enriched in aged undifferentiated spermatogonia, potentially serving as a 

direct link between SSC deterioration and aging. Besides SSCs, round spermatids are 

also particularly vulnerable to errors and de novo mutations with advanced age. Using a 

Brown Norway rat model, researchers investigated gene expression dysregulation in round 

spermatids in young (4-6 months) and old (18-20 months) male rats using bulk RNA-seq 

(Fice and Robaire, 2023). They found that age-related DEGs included genes involved in 

sperm-egg fusion, embryonic development, folate metabolism, spermatogenesis progression, 

and sperm motility. GO analysis showed that enriched pathways in aged rats related to 

oxidoreductase activity and immune signaling, suggesting age-dependent disruptions in 

cellular inflammation and immune responses in the reproductive system.

Advancements in RNA-sequencing technologies have allowed for the interrogation of 

age-associated testicular decline at the single-cell and single-nucleus level. Development 

of a single-cell transcriptomic atlas of old (24-month) compared to young (2-month) 

mouse testis uncovered that age-related DEGs correlated to an imbalance of differentiated 

and undifferentiated SSCs, as well as an increase in the number of proinflammatory 

macrophages. Specifically, these were subtype3 macrophages that are involved in 

mononuclear cell proliferation and T cell activation in the inflammatory microenvironment 

in the aged testis (Zhang et al., 2023). The study also highlights increased production of 

reactive oxygen species (ROS) and the presence of oxidative stress markers in the aged 

testis, which may contribute to apoptosis and compromised steroidogenesis likely through 

dampening of the Nrf2 pathway that primarily involves cellular antioxidant defense (Zhao 

et al., 2021). These results coincide with the oxidation-inflammatory theory of aging, 

or “inflammaging”, including testicular aging, where there is an imbalance between pro-
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inflammatory (i.e., Cyclooxygenase-2 (COX2), prostaglandin D2 (PGD2), NOD-, LRR- and 

pyrin domain-containing protein 3 (NLRP3), interleukin-1 beta (IL-1β), IL-6, and tumor 

necrosis factor alpha (TNF-α)) and anti-inflammatory molecules (i.e., Superoxide dismutase 

(Sod), Catalase, glutathione peroxidase 1 (Gpx1), peroxiredoxin 4 (Prx4), glutathione s-

transferase mu 5 (Gstm5), and glutathione), which is reviewed in more detail elsewhere in 

the literature (Frungieri et al., 2018; Matzkin et al., 2021).

Using a non-human primate model, Huang et al., established single-nucleus transcriptomic 

profiles revealing that Sertoli cells were the testis cell type most susceptible to aging, 

followed by immature Leydig cells and peritubular myoid cells (Huang et al., 2022b). 

Specifically, these authors reported dysregulation of genes encoding tight junction 

components and downregulation of androgen receptor (AR) expression in Sertoli cells, 

suggesting disruption of the BTB and compromised sex hormone responses in aged testis. 

This corroborates earlier observations of decreases in BTB function in aging rats that used 

different STA-Put purified cells and microarrays (Paul and Robaire, 2013). Notably, Wilms’ 

Tumor 1 (WT1), a transcription factor essential for normal Sertoli cell function, was also 

found to be downregulated in an age-associated manner, leading to the proposal that WT1 

silencing triggers accelerated senescence in Sertoli cells. In humans, single-cell RNA-seq 

of young (17-22 years) and old (62-76 years) cadaver-derived testis tissues displayed age-

related dysregulation of spermatogenesis, Sertoli cell metabolism, testosterone production 

by Leydig cells, and apoptosis in peritubular cells, with exacerbated results in elderly 

men with a body mass index (BMI) >30 (Nie et al., 2022). In summary, these findings 

suggest that molecular mechanisms underlying testicular aging include disruptions in 

cellular metabolism, increased oxidative stress, and inflammation, which are all considered 

hallmarks of aging (López-Otín et al., 2023).

The Role of NAD in the Aging Process

A number of metabolic, redox, and antioxidant pathways involve NAD as an essential 

coenzyme, along with its reduced form, NADH. NAD and NADH levels decrease with 

age (Johnson and Imai, 2018; Strømland et al., 2021). In addition to its roles in cellular 

metabolism and redox reactions, NAD is also an important substrate that is cleaved 

by a diverse group of enzymes, including poly(ADP-ribose) polymerases (PARPs) and 

sirtuins, involved in several aspects of cellular homeostasis. CD38 is an NADase and 

cyclic ADP-ribose synthase expressed mostly on the surface of immune cells where it 

has immunomodulatory functions (Hogan et al., 2019). PARP enzymes are multifunctional 

enzymes involved in many processes including DNA repair, the maintenance of genomic 

stability and telomere function (Beneke and Bürkle, 2007). Sirtuins are NAD-dependent 

histone deacetylases and ADP-ribose transferases with known roles in the aging process 

(Houtkooper et al., 2012). Why NAD levels become lower as humans age is not fully 

understood, but recent research indicates that increased activity of NAD-consuming 

enzymes, such CD38, deplete NAD levels as individuals age (Malavasi et al., 2008; Chini 

et al., 2020). Both, CD38 and PARP enzymes are involved in inflammation, oxidative stress 

management, DNA repair, and other processes associated with aging, and their elevated 

activity is in line with the general concept of “inflammaging”. A further link between NAD 

levels and cellular aging is the bidirectional relationship between NAD and autophagy, with 
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autophagy being regulated by activity of NADases, and autophagy in turn preserving NAD 

levels (Wilson et al., 2023). Given this wide range of molecular connections, a decline in 

NAD has far-reaching consequences for mitochondrial function, inflammation, autophagy, 

epigenetic regulation, and DNA maintenance, among others, which are known hallmarks of 

aging (Amjad et al., 2021; Covarrubias et al., 2021; Navas and Carnero, 2021; Stock and 

Liu, 2021; López-Otín et al., 2023; Chini et al., 2024) (Fig. 2a). Multiple organs experience 

an age-dependent NAD decline (Fang et al., 2017), including the testis (Meyer-Ficca et 

al., 2022), and changes consistent with hallmarks of aging have been described in male 

reproductive and testicular aging (see Fig. 2b). That spermatogenesis fails in NAD-deficient 

mice provides supportive evidence of that hypothesis (Meyer-Ficca et al., 2022). Some 

functions of NAD-dependent enzymes and processes in male reproduction are outlined in 

this review, as well as elsewhere in the literature (Quesada et al., 1996; Lankenau et al., 

1999; Dantzer et al., 2006; Coussens et al., 2008; Meyer-Ficca et al., 2011a, b, 2015, 

2022; Celik-Ozenci and Tasatargil, 2013; Ihara et al., 2014; Rato et al., 2016; Meyer and 

Meyer-Ficca, 2021; Matoba et al., 2024), but more research is needed to elucidate the 

molecular links and roles of NAD-dependent processes in male reproductive aging in more 

detail.

Sperm Quality and Aging

The consequences of advanced parental age on reproductive outcome and effects on 

offspring have traditionally been studied with a strong focus on maternal age. More recently, 

that has changed to include more research on the effects of paternal age on reproduction and 

offspring health as well. Paternal age has been implicated in various adverse reproductive 

outcomes, including elevated frequency of spontaneous pregnancy loss, reduced fertility, 

decreased semen quality, and a noticeable increased incidence of autosomal dominant 

diseases, such as achondroplasia and Apert syndrome, as well as of complex syndromes, 

like autism (Wyrobek et al., 2006; Sharma et al., 2015). Furthermore, at the molecular 

level, male age has been associated with a rising frequency of spermatozoa with functional 

defects, including low mitochondrial potential, abnormal chromatin compaction, increased 

lipid peroxidation, and associated markers of sperm apoptosis (Condorelli et al., 2020). 

Cohort studies in men indicate an age-related reduction in overall sperm quality (reviewed in 

Yatsenko and Turek, 2018), including increased frequency of aneuploidies, chromosomal 

structural aberrations, including duplications, inversions, and translocations, along with 

elevated DNA fragmentation and de novo point mutations (Martin and Rademaker, 1987; 

Lowe et al., 2001; Sloter et al., 2007; Yatsenko and Turek, 2018). Of note, the majority 

of chromosomal abnormalities in sperm are structural aberrations with some increased 

incidence in XY-chromosome non-disjunctions, while autosomal aneuploidies are far more 

common in oocytes (Martin, 2008).

Selfish Spermatogonial Selection Hypothesis and Sperm De Novo Mutations

The “selfish spermatogonial selection” hypothesis describes a process by which mutations 

in SSCs, important for normal spermatogenesis, dysregulate critical cell cycle pathways, 

such as the rat sarcoma (RAS) pathway. In this model, proliferation of mutation-carrying 

SSCs is favored and results in the expansion of mutant clonal lines within the testes (Goriely 
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et al., 2013), which, over time, will increasingly skew the mutational profile of sperm, 

resulting in an enrichment of de novo mutations in the offspring of older fathers. On average, 

SSCs divide by mitosis every 16 days to sustain ongoing normal sperm production. For 

example, this means that SSCs in a 20-year-old male will have undergone less than 150 

replications, while those of a 50-year-old male have divided more than 840 times. Whole 

genome sequencing of parents and their offspring confirmed that approximately 80% of de 
novo mutations are linked to paternal origin. An accumulation of about two point mutations 

per year were identified, resulting in a doubling of paternally-derived mutations every 16.5 

years, aligning with the “selfish spermatogonial selection” hypothesis (Goriely et al., 2013; 

Janecka et al., 2017).

Sperm Morphology and Aging

Sperm morphology results from spermatid to spermatozoa differentiation and comprises 

the development of the flagellum and the acrosome, for proper motility and oocyte 

fertilization, respectively. While there are various distinct, species-specific sperm head 

morphologies, intra-species head morphology displays minute variation to ensure successful 

oocyte fertilization (Teves and Roldan, 2022). Several studies have documented evidence 

for a correlation between advanced male age (>30-40 years old) and increased frequency of 

abnormal sperm morphology, including head shape (Bujan et al., 1988; Van Den Hoven et 

al., 2015; Kumar et al., 2017; Ulubay et al., 2022; Kleshchev et al., 2023). Other studies do 

not find a clear correlation between increasing age and morphological decline (Chen et al., 

2022), and describe additional factors that are independent of male age like abstinence time 

and environmental exposures that might contribute to observed abnormal sperm morphology 

(Auger et al., 1995; Andolz et al., 1999). Clearly, more research will be necessary to better 

understand these effects and to reconcile conflicting results.

Aging Correlates with Increasing Sperm Mutations and DNA Strand Breaks

It is well documented that several sperm and semen factors are affected by age (section 3, 

Fig. 1). For example, the sperm DNA fragmentation index (DFI) markedly increases with 

male age, while semen volume, sperm concentration, and progressive motility all decline 

(Wyrobek et al., 2006; Chen et al., 2022; Gonzalez et al., 2022). Furthermore, advanced 

age is a driver of single-nucleotide and insertion-deletions mutations transmitted through the 

male germline (reviewed in Aitken and Lewis, 2023). Potentially compounding the problem, 

normal apoptosis during spermatogenesis decreases with age, possibly indicating a loss of 

“sperm quality control” and reduced ability to remove damaged sperm. Specifically, Singh et 
al. found reduced spermatid apoptosis in combination with significantly higher numbers of 

sperm DNA breaks in men aged 36-57 years old compared to 20-35 years old (Singh et al., 

2003). Such “abortive apoptosis” may result in persistent immature or abnormal sperm with 

damaged or poorly condensed chromatin (Sharma et al., 2015).

Origin of Sperm DNA Breaks

During spermatogenesis, DNA repair mechanisms promote sperm DNA integrity, including 

mitotic division of SSCs, meiotic recombination in spermatocytes, and during post-meiotic 

nuclear condensation of spermatid nuclei. The latter two processes are germline-specific 

and require the formation of transient physiological endogenous DNA strand breaks (Smith 

Feuz et al. Page 11

Reproduction. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Haaf, 1998; Meyer et al., 2017). The origin of persistent DNA damage in sperm 

is still unclear, but likely includes one or several causes related to abortive apoptosis 

that failed to eliminate damaged spermatocytes and spermatids, unrepaired DNA strand 

breaks resulting from improper chromatin condensation during spermatid differentiation, 

and DNA damage from exposure to damaging agents like ROS. During spermiogenesis, 

(O’Donnell, 2014), the haploid genome must be tightly packaged into the future sperm 

head, which is 6-7 times more condensed than the somatic nucleus (Champroux et al., 

2016). To achieve this extraordinary compaction, most somatic histones are removed from 

the condensing spermatid nucleus and replaced with small protamines in a complex process 

that also facilitates relaxation of supercoiled DNA associated with the protamine-based 

chromatin structure of the mature sperm (reviewed in (Moritz and Hammoud, 2022)). 

Normal mature sperm only retain about 1% of histones in mice and 10-15% in humans. 

The process of spermatid chromatin condensation requires the formation of transient DNA 

strand breaks, which is at least in part mediated by topoisomerase 2 beta (TOP2B) (Leduc et 

al., 2008). The efficient repair of DNA strand breaks requires the activity of PARP enzymes 

to form poly(ADP-ribose) from NAD, including during TOP2B-mediated spermatid DNA 

relaxation (Meyer-Ficca et al., 2011b). Interference with the tightly controlled process of 

spermatid nuclear remodeling impairs spermatid condensation and results in abnormally 

increased retention of histones in the sperm nucleus (Meyer-Ficca et al., 2011a, b). Low 

tissue NAD levels associated with increased paternal age may therefore provide a plausible 

mechanistic explanation for the increase in poorly condensed chromatin in sperm of older 

men. Furthermore, altered ratios of protamines and improper incorporation of protamines are 

associated with fertility defects (Lismer and Kimmins, 2023).

The tightly condensed sperm genome is transcriptionally inactive and relatively well 

protected from DNA damage (Singh et al., 2003). Despite the tightly controlled chromatin 

condensation mechanisms during spermiogenesis described above, DNA damage can 

persist in mature sperm. As post-meiotic haploid cells, spermatids cannot use DNA repair 

mechanisms that rely on DNA recombination (Singh et al., 2003). The age-related increase 

in abortive apoptosis thus permits more sperm with persistent DNA damage and poor 

chromatin condensation to persist (Singh et al., 2003).

DNA damage in sperm may also result from increased exposure to ROS and resulting 

oxidative DNA damage. Elevated ROS can originate endogenously, for example from 

dysfunctional mitochondria, or by exposure to external ROS sources. Mitochondrial 

dysfunction with increased ROS production is a known hallmark of general aging (Amorim 

et al., 2022) and testicular aging (Nguyen-Powanda and Robaire, 2020). Indeed, a large 

portion of sperm DNA fragmentation appears to stem from oxidative stress (Sharma et al., 

2015). This is of interest since levels of oxidative stress adducts were elevated in sperm of 

a large proportion of infertile men, together with an age-related trend to increased oxidative 

stress adducts and DFI (Vaughan et al., 2020).

Oxidative stress results from an imbalance between ROS and cellular antioxidant capacity. 

It can either directly damage the DNA or cause indirect damage, e.g. when hydroxyl 

radicals induce DNA lesions which, in turn, activate sperm caspases and endonucleases 

that cause DNA double-strand breaks (Sakkas and Alvarez, 2010). Exposure to oxidative 
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stressors can further damage the sperm plasma membrane and initiate lipid peroxidation 

leading to loss of sperm plasma membrane integrity and resulting in decreased sperm 

motility, premature acrosome reaction and decreased ability to interact with and penetrate 

an oocyte (Vaughan et al., 2020). Seminal fluid contains antioxidants, and lower semen 

antioxidant capacity correlates with infertility (Mahfouz et al., 2009; Pahune, 2013). With 

increasing age, the trend to increased levels of oxidative stress adducts (Vaughan et al., 

2020) is not compensated by an increase in antioxidant enzymes levels, such as superoxide 

dismutase, peroxidases and catalase (Bibi et al., 2023), potentially resulting in an imbalance 

in oxidative stress exposure and antioxidant defense, leading to increasing levels of oxidative 

stress adducts, and possibly an increased DFI with increasing age (Vaughan et al., 2020).

Increased Paternally-Derived De Novo Mutation Rate due to Diminishing DNA Repair 
Capacity in Aging Fertilized Oocytes

Between fertilization and the initiation of zygotic S-phase, only some DNA damage in the 

paternal genome can be repaired in the zygote by the oocyte-derived DNA repair machinery 

(Aitken, 2022). Specifically, oxidative damage in the form of 8-hydroxyguanosine (8-

OHdG) lesions can escape repair due to insufficient amounts of the maternally derived base 

excision repair enzyme 8-oxoguanine DNA glycosylase (OGG1). Since S-phase can still 

be initiated, such unrepaired DNA can persist (Lord and Aitken, 2015). The ability of the 

oocyte to repair damaged DNA from fertilizing sperm depends on the extent of damage, but 

maternal age may also play a role (Horta et al., 2020). For instance, decreased DNA repair 

efficiency of the oocyte with age has been observed in mice undergoing in vitro fertilization 

(IVF) and in humans undergoing intracytoplasmic sperm injection (ICSI) suggesting that the 

oocytes’ DNA repair capacity may be compromised (Horta et al., 2020; Setti et al., 2021). 

Diminished DNA repair by the oocyte, coupled with a lack of DNA repair in mature sperm, 

can lead to persistent de novo mutations in the F1 generation, which is referred to as the 

post-meiotic oocyte collusion hypothesis (Aitken, 2022).

Age-Related Changes in the Sperm Epigenome

In addition to the paternal genome, sperm also transmit distinct paternal epigenetic marks to 

their offspring. The collective sperm epigenome is encoded by molecular mechanisms, such 

as DNA methylation patterns, position and posttranslational marks on the small percentage 

of histones that remain in mature sperm, as well as non-coding RNAs (Dahlen et al., 2023). 

This sperm epigenome is sensitive to the father’s physical environment and can be modified 

over time by factors like diet and external environmental exposures (Grover and Jenkins, 

2020).

Sperm DNA Methylation

Age-related changes to the epigenome, especially the DNA methylome, are being explored 

as indicators of biological age, so-called epigenetic clocks (Horvath and Raj, 2018; Duan et 

al., 2022). Male germ cells undergo epigenetic reprogramming during their differentiation 

to sperm, and have similar age-dependent DNA methylation changes in sperm CpG 

islands, likely from age-related methylation errors in spermatogonia (Yatsenko and Turek, 

2018; Pilsner et al., 2022). Akin to the somatic epigenetic clock concept, correlations 

between the chronological age of males and their sperm DNA methylome were used to 

Feuz et al. Page 13

Reproduction. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



develop a sperm epigenetic clock (Pilsner et al., 2022). Like chronological age, higher 

biological sperm methylome age was associated with increased time to pregnancy, indicating 

reduced fecundity in older fathers. Age-related changes in sperm methylation patterns 

include regions of hypermethylated CpG islands, frequently in the distal gene regions, 

and hypomethylated CpG islands near gene transcription start sites (Cao et al., 2020). It 

has been proposed that 20-80% of CpG sites are ‘dynamic CpGs’, which are sensitive 

to environmental exposures (Lismer and Kimmins, 2023). Environmental exposures can 

change the epigenome, and the overall sum of exposures increases with age, likely 

contributing to the observed changed in DNA methylation patterns. Since DNA methylation 

marks are mitotically stable, methylation changes can persist and accumulate over a male’s 

lifespan (Janecka et al. 2017). Epigenetic reprogramming after fertilization removes most 

of these DNA methylation marks, but some marks from the paternal germline, including 

imprinted genes, are maintained in the developing embryo where they can interfere with 

normal development and result an increased risk of offspring disorders (Janecka et al. 2017).

Sperm Histones

In addition to DNA methylation, histones that are retained in sperm provide epigenetic 

information encoded by their amount, specific positions within the genome, and 

posttranslational modifications (PTMs). Histones tend to remain, for example, in genes 

which are highly transcribed during spermatogenesis and are often enriched in genes with 

functional importance for early embryonic gene expression. Histone PTMs poise such genes 

for appropriate expression needed for successful embryonic development (Arpanahi et al., 

2009; Hammoud et al., 2009; Miller et al., 2010; Jenkins and Carrell, 2011; Erkek et al., 

2013; Ihara et al., 2014). A fraction of sperm histones remain at intergenic and repeat-rich 

regions like pericentromeric chromosome regions, and are therefore likely important for 

sperm nuclear architecture and condensation (Meyer-Ficca et al., 2013; Carone et al., 

2014; Samans et al., 2014). The extent to which increasing paternal age influences the 

sperm’s histone code is not yet well understood. Some studies show that aging changes the 

patterns of testicular histone markings (Xie et al., 2018; Tatehana et al., 2020). For example, 

Tatehana et al. described an age-related loss of both permanent repressive (H3K9me3) 

and activating marks (H3K4me2), with increased temporary repressive signaling marks 

(H3K27me2/3) in testicular germ cells, including elongating spermatids. Such age-related 

changes in histone modifications could change embryonic gene expression and offspring 

development if able to persist in sperm and are transmitted to the embryo.

Sperm Noncoding RNAs

Noncoding RNAs (ncRNAs), including microRNAs (miRNAs), piwi-interacting RNAs 

(piRNAs), and long noncoding RNAs (IncRNAs), represent another complex layer of sperm 

epigenetic information. Besides their roles in testicular function and male fertility (Joshi 

and Rajender, 2020), sperm-borne ncRNAs are important for early embryonic development 

(Conine et al., 2018; Alves et al., 2019), and sperm-borne miRNA signatures are currently 

being discussed as predictors of male fertilization potential (Alves et al., 2020). The 

composition of sperm ncRNAs varies between immature testicular sperm and mature sperm, 

since sperm take up epididymis-derived ncRNA-containing exosomes during the epidydimal 

transit (Sharma et al., 2018), which provides a means of adjusting sperm ncRNAs to 
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environmental factors like stress. A connection between aging and changes in sperm ncRNA 

content is recently emerging. In normal fertile men, aging changed sperm miRNAs that 

target genes in pathways regulating stem cell pluripotency and metabolic pathways (Zhao 

et al., 2023) as well as sperm circular RNAs (circRNAs) (Zhou et al., 2023). Interestingly, 

environmental exposure also had an impact on age-related sperm ncRNA changes (Chu et 

al., 2020; Suvorov et al., 2020).

Consequences of Increasing Paternal Age for Offspring Health

Epidemiologic studies identified increased paternal age as a risk factor for developing 

diseases like cancer, metabolic, cardiovascular and neurological diseases in offspring 

(Siddeek et al., 2018) (Fig. 3). Such findings were confirmed in animal models, and 

additional challenges like dietary deficiencies and exposures to toxicants intensified the 

observed effects.

Sperm DNA Lesion and Offspring Viability

Sperm with extensive DNA double-strand breaks frequently are able fertilize an oocyte, but 

then fail to support embryo development (Mateo-Otero et al., 2022). Extensive amounts of 

sperm DNA damage that persist after fertilization frequently result in failed pregnancies 

(Larson-Cook et al., 2003; Sakkas and Alvarez, 2010; Simon et al., 2019; Musson et 

al., 2022). In various animal studies, sperm DNA damage led to a range of abnormal 

reproductive problems ranging from pregnancy loss to offspring with chromosomal 

abnormalities, as well as more subtle delayed effects like neurological diseases or cancer 

predisposition. Of note in this context, embryonic DNA repair mechanisms are different 

from, and much less understood, mechanisms regulating somatic cell DNA repair, and how 

damaged sperm DNA is repaired after fertilization is a topic of ongoing research (Khokhlova 

et al., 2020; Aitken and Bakos, 2021). Additional evidence suggests unrepaired sperm DNA 

lesions contribute to de novo point mutations and chromosomal structural aberrations in 

offspring of unaffected parents, and that the risk of such abnormalities increases with higher 

paternal age (Aitken and Bakos, 2021).

Examples of Paternal Age Effects on Offspring Health

How important paternal age at conception is for offspring health was shown in a cohort 

study of >40,000 live births conducted between 2007-2016 in the United States (Khandwala 

et al., 2018). Infants born to fathers aged >45 had lower gestational ages, higher chances 

of a premature birth, 18% higher chance of seizures, and a 14% greater risk of low 

birth weight. Infants born to fathers >55 years further had a higher incidence of low 

Apgar scores (<8) and an increased risk of needing additional medical care, including 

ventilation assistance and neonatal intensive care, compared to infants born to younger men. 

Additionally, Gau et al. found that increasing paternal age was linked to decreased lung 

function in school age children in a progressive way. Furthermore, prenatal exposure to 

environmental tobacco smoke and not being breastfed as infants exacerbated the adverse 

health effects of advanced paternal age on childhood lung function (Gau et al., 2022). While 

the underlying biological mechanisms are unknown, the authors speculate that telomere 

lengths could be a factor, given that telomere length is associated with lung function in 
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children and adults. Telomere length is paternally inherited and depends on telomere length 

in spermatozoa, and increased paternal age results in offspring inheriting longer telomeres 

(Aitken, 2023). Increasing telomere length is potentially associated with increased risk 

of melanoma, lung adenocarcinoma, and several other cancers (Aitken, 2023). Therefore, 

increased sperm telomere length in older fathers may influence offspring lung function, and 

possibly increase cancer risks.

Autism and Schizophrenia

The most common neurodevelopmental disorders associated with advanced paternal age 

are schizophrenia and autism. Both depend on familial history, and their correlation with 

advanced paternal age is supported by a large body of literature. Schizophrenia and autism 

risks in offspring begin to increase with paternal age in the late 30s to early 40s. At 

conception, men in their 40s are 2-3 times more likely to father a child with schizophrenia 

than fathers in their 20s (Janecka et al., 2017). While the underlying mechanisms are not 

entirely clear, an age-related increase in de novo point mutations passed on through the 

sperm could contribute to this effect.

To overcome the limitation of retrospective epidemiologic human studies, animal models 

are used to gain insights into the mechanisms that connect advanced paternal age and 

offspring health, because they permit multigenerational studies, allow for a tightly controlled 

environment, and provide opportunity for experimental replicates and targeted interventions. 

Two example animal models used for that are the Brown Norway rat and the Swiss albino 

mouse. The Brown Norway rat is a good aging model because of its low disease rate 

and because it displays testicular phenotypic changes similar to aging humans (Serre and 

Robaire, 1998). Testicular changes in aging rats include decreased spermatogenesis and 

steroidogenesis, thickening of the epithelial basement membrane and accumulation of the 

aging indicator lipofuscin. Important effects of advanced paternal age on offspring in the 

Brown Norway rat include increased preimplantation loss and early neonatal death, and 

decreased fetal weight.

Autism spectrum disorders are characterized by deficits in social interaction, repetitive 

behavior, impaired communication, and restricted interests (Sampino et al., 2014). Sampino 

et al. used Swiss albino mice to study autism-like behavior in pups from aged fathers 

using tests accessing reflex, behavioral tendencies, social behaviors, explorative behavior, 

and vocalization. In these studies, F1 and F2 generations born from old fathers showed an 

increase in repetitive behavior, social deficits, and communication impairment compared to 

controls animals.

Conclusions

Progress in research directed at understanding male reproductive aging has allowed for 

important new insights into underlying mechanisms and consequences of aging in recent 

years, some of which are summarized in this review, such as the emerging role of paternal 

NAD metabolism. Yet, the field remains woefully understudied, despite the emerging 

realization that paternal age has overall significant negative impacts on the health of our 

children. The large number of open questions regarding the inheritance of sperm epigenetic 

Feuz et al. Page 16

Reproduction. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



marks, including the origin and consequences of age-related sperm DNA damage, and 

the impact of declining reproductive health on men’s health itself reflects the current 

deficit of information that needs to be addressed, because first-time fathers tend to become 

increasingly older in our modern time.

In this context it is worthwhile to consider the emerging pace-of-life concept that aims to 

integrate insights from reproductive biology and aging research with evolutionary biology. 

It is based on the general idea that resources in an organism are allocated to the different 

life functions (like growth, reproduction, and maintenance of the soma) in a manner that 

depends on the normal pace-of-life of the species’ and the individuals’, providing optimal 

evolutionary success by aligning reproductive timeframe, parenting and lifespan (Yuan 

et al., 2023). Slow metabolism, slow growth, and late puberty frequently are associated 

with delayed aging, as was seen in comparisons between different species, and also for 

individuals within one species (Arnqvist et al., 2022; Bartke, 2022; Yuan et al., 2023).

For example, if the biologically optimal reproductive time in humans is in their 20s to early 

30s, adequate resources are allocated to optimally maintain the germline cells during this 

phase as well as healthy bodies capable of parenting the next generation. The significantly 

delayed reproduction, as it is currently observed in many developed countries, might 

shift reproduction out of the optimal period of life and into a phase when maintenance 

of germ cells is not optimal anymore, and further when somatic aging of the parents’ 

generation commences during a time that child-rearing is ongoing. During the traditional 

post-reproductive time point in life, fewer resources are dedicated to maintaining germline 

cells pristine, just as physiological changes associated with aging set in. Reproducing at 

later points in life therefore results in a misalignment between the time of peak sperm 

quality and the time in life when males are ready to become fathers. As a consequence, 

sperm with impaired quality might contribute more frequently to the next generation of 

children. Even though the relative speed of metabolism, reproduction and aging appears to 

be coupled with each other and genetically controlled, environmental factors that change 

growth and metabolic rates can influence an individual’s pace-of-life, for example, changing 

the timing of puberty, fertility rate and subsequently, when the aging process commences. 

More insights into the molecular mechanisms linking these life-stage specific processes 

might in the future permit the development of intervention strategies that delay puberty and 

aging in order to adjust the observed culturally delayed reproductive phase with the extended 

lifespan seen in humans, and to restore optimal reproductive success.
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Figure 1. Impact of advanced age on hormonal control, testes morphology and function, and 
sperm production.
In aging men, the hypothalamic-pituitary-testicular (HPT) axis and associated negative-

feedback loop is impaired, resulting in an overall hormonal imbalance and diminished 

testosterone production compared to younger men (1). Altered testicular structure, 

morphology, and a disruption in spermatogenesis, accompanied by elevated oxidative stress 

and inflammation, are characteristic of aging testis (2). Aging sperm can also display severe 

DNA abnormalities and inadequate epigenetic reprogramming (3).

Feuz et al. Page 28

Reproduction. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Feuz et al. Page 29

Reproduction. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Hallmarks of aging in the context of male reproductive aging.
a. NAD is central to most metabolic processes, and many physiological changes during 

aging are intricately connected to NAD-dependent enzymes and adequate NAD levels (for 

a recent overview see (Lautrup et al., 2024). b. Some examples of research reports and 

reviews connecting individual hallmarks to male reproductive aging are listed: (1) Declining 

stem cell proliferation (Ryu et al., 2006; Zhang et al., 2006; Ozawa et al., 2023); (2) 

Compromised autophagy (Zhao et al., 2019; Ma et al., 2022; Nie et al., 2022; Wang et al., 

2022; Raee et al., 2023); (3) mitochondrial defects (Paniagua et al., 1991; Sokanovic et 

al., 2018; Garza et al., 2022); (4) metabolic dysfunction (Kanatsu-Shinohara et al., 2019; 

Nie et al., 2022); (5) inflammation (Frungieri et al., 2018; Matzkin et al., 2021; Nie et 

al., 2022; Aitken, 2023);(6) loss of epigenetic control (Jenkins et al., 2014; Suvorov et al., 

2020; Pilsner et al., 2022; Ashapkin et al., 2023; Bernhardt et al., 2023); (7) telomere length 

Feuz et al. Page 30

Reproduction. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



variation (Eisenberg and Kuzawa, 2018; Fice and Robaire, 2019; Amir et al., 2020; Aitken, 

2023); (8) impaired DNA damage repair (Singh et al., 2003; Albani et al., 2019; Gonzalez et 

al., 2022); (9) increased reactive oxygen species and impaired ROS defense (Mueller et al., 

1998; Nguyen-Powanda and Robaire, 2020); (10) altered intracellular communication and 

loss of blood-testis-barrier (Paniagua et al., 1991; Levy et al., 1999; Ma et al., 2022). Note 

that individual hallmarks are frequently interconnected to each other. Some consequences 

of NAD decline and / or absence of NAD-dependent enzymes for testicular and male 

reproductive health have been described (Dantzer et al., 2006; Meyer-Ficca et al., 2011a, 

2015, 2022; Ihara et al., 2014; Chung et al., 2021), but more studies are needed to establish 

individual molecular links and their roles during aging.
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Figure 3. Timeline of the negative consequences associated with advanced paternal age on sperm
(1), fertilization (2), pregnancy (3), infancy (4), and adolescence/adulthood (5).
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