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ABSTRACT 

Similar to female reproductive health, male reproductive health declines 
with increasing age, albeit in a more gradual way. In the US, the average 
age of first-time fathers has been steadily increasing since 1980. This is 
concerning because increasing paternal age is positively correlated with 
reduced sperm chromatin quality and higher numbers of DNA strand 
breaks (DNA sb), which negatively affects pregnancy outcome and child 
development.  

While underlying reasons are not well understood, one of the well-known 
hallmarks of aging is a significant decline of body nicotinamide adenine 
dinucleotide (NAD) levels.  

We propose that low body-wide NAD levels provide a plausible 
explanation for metabolic alterations that are associated with declining 
hormonal production and testicular volume, as well as reduced sperm 
quality in aging men. 
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INTRODUCTION  

In the US, average human life expectancy has increased significantly 
since 1900 to about 85 years between men and women, because early 
childhood mortality has been almost abolished. However, maximal 
lifespan of individual people is unlikely to increase beyond the currently 
observed numbers of years humans are capable of living, and current 
medical research has shifted to focus on increasing “healthspan” rather 
than lifespan, with the goal of maintaining health into old age for as long 
as possible [1].  

Men’s healthspan is in part determined by gonadal function, which 
decreases in older men. This age-related decrease in gonadal function and 
testicular decline is commonly described as late-onset hypogonadism 
(LOH). LOH comprises numerous symptoms including loss of libido, 
erectile dysfunction, loss of muscle mass, increased visceral fat, metabolic 
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syndrome, anemia, reduced bone density, depressed mood, decreased 
vitality, sweating, and hot flushes [2].  

The prevailing assumption that robust fertility for a man will continue 
well past a woman’s decline in fertility is untrue. While the female ovarian 
reserve is perhaps the most crucial component of a couple’s fecundity, 
increasing age of the male partner is also strongly associated with 
increased time to conception [3]. Importantly, in addition to the overall 
somatic changes and the testicular decline, paternal aging results in the 
production of sperm with lower genetic quality, characterized by 
increased DNA damage and fragmentation, mutations and aneuploidies 
and various epigenetic changes ([4,5], reviewed e.g., in [5]). This is 
concerning, because the average age of first-time fathers has been steadily 
increasing since 1980 [6], and paternal age is positively correlated with 
poor pregnancy outcome and child development [7]. The mechanisms that 
link paternal age and deteriorating sperm quality are not well understood, 
but are likely due to a combination of the adverse metabolic changes that 
occur during the age-associated health decline.  

NAD DECLINE DURING AGING 

In the context of reproductive aging, it is important to consider lower 
NAD levels as another important and accepted hallmark of aging in 
general [8,9]. NAD is a coenzyme that is found in all living cells, where it is 
present in various oxidative and phosphorylated states (NAD+, NADH, 
NADP+, NADPH). Those variants are integral coenzymes necessary for 
most metabolic reactions, and they are essential for the biochemical 
reactions that control energy metabolism pathways, including the 
tricarboxylic acid (TCA) cycle, oxidative phosphorylation, glycolysis, and 
beta-oxidation of fatty acids [10,11]. Due to its importance for all 
biochemical processes, NAD is regarded as a master regulator of 
metabolism [12]. 

Beyond these essential redox coenzyme functions, NAD serves as the 
substrate for enzymes like CD38, SARM1, sirtuins and enzymes of the 
poly(ADP-ribose) polymerase (PARP) family [9,13,14]. CD38 is a 
multifunctional protein on immune cells with roles in immune response 
and metabolic regulation; SARM1 is a neuronal protein involved in tissue 
homeostasis. Sirtuins are NAD-dependent histone-deacetylases important 
for chromatin remodeling and gene expression control, while PARP 
enzymes control DNA accessibility and DNA repair in a DNA strand break-
dependent manner [12,14,15].  

Aging-associated low NAD levels are characterized by a more dramatic 
decline of the oxidized form (NAD+) compared to the reduced form (NADH), 
which causes an imbalance of the cellular redox potential [15,16]. The 
resulting increase of pro-inflammatory activities is known as 
“inflammaging”—which is another hallmark of the aging process [17]. 
Elevated ROS production due to abnormal NAD redox status is further 

Adv Geriatr Med Res. 2021;3(1):e210005. https://doi.org/10.20900/agmr20210005 



 
Advances in Geriatric Medicine and Research 3 of 11 

exacerbated by impaired GSH production due to the drop in NADP, as 
outlined further below.  

In summary, the disproportional loss of NAD+ with increasing age has 
detrimental consequences on genomic and genetic integrity of cells and 
tissues, because the molecule has important roles in DNA repair and 
chromatin regulation, and it is important for maintaining an appropriate 
redox potential in the cell. Low NAD+ levels therefore present a reasonable 
explanation for the observed increased oxidative stress and weakened 
DNA repair capacities of aging tissues.  

NAD DECLINE AND REDOX BALANCE DURING TESTICULAR AGING  

Testicular volume begins to become lower in males over the age of 60 
years, and in men older than 75 years, testis volumes are on average less 
than 70% of those typical of young men [18].  

Age-related alterations, such as a changing hypothalamus-pituitary 
hormonal axis and a reduced ability of Leydig cells to maintain serum 
testosterone levels, contribute to this testicular decline [19]. Concomitant 
with slower testosterone synthesis, elderly men, who are otherwise 
healthy, have increased serum levels of hormones that stimulate 
testosterone synthesis, such as LH and FSH. Along the same line, 
testosterone metabolites like estradiol and inhibin, a factor involved in the 
negative feedback loop controlling testosterone synthesis, are significantly 
lowered [18,20]. While the molecular mechanisms that cause the age-
related Leydig cell defects are still not fully understood, there is mounting 
evidence that hypothalamic functions are regulated through NAD and 
sirtuins, and that aging-related NAD decline causes deregulation of the 
hypothalamus [21]. One additional explanation may be provided by an 
age-associated increase in oxidative stress, i.e., an imbalance in the 
cellular redox systems that results in a net increase of pro-oxidants and a 
decrease of antioxidants [22]. This imbalance ultimately leads to the 
accumulation of reactive oxygen species (ROS) that functionally impair 
multiple cellular biochemical processes, including steroidogenesis, 
through damaging DNA, proteins and lipids. The redox imbalance results 
from either increased radical formation, or from decreased defense 
mechanisms against radicals, or both. For example, progressive age-
related mitochondrial dysfunction has been proposed as one of the 
reasons for increased radical formation in the cell that ultimately causes 
age-related testicular dysfunction and degenerative disease [23].  

At the same time, a decline in cellular antioxidant activity of cellular 
ROS scavenging systems, such as superoxide dismutases, catalase, 
thioredoxins, peroxiredoxins and glutathione (GSH) may contribute to the 
altered redox environment in the aging testis. GSH, a sulfhydryl containing 
tripeptide γ-glutamyl-cysteinylglycine, is an important example of such an 
intracellular antioxidant in cells. GSH, a sulfhydryl containing tripeptide 
γ-glutamyl-cysteinylglycine, is one important intracellular antioxidant in 
cells—it has even been considered “the master antioxidant”—whose 

Adv Geriatr Med Res. 2021;3(1):e210005. https://doi.org/10.20900/agmr20210005 



 
Advances in Geriatric Medicine and Research 4 of 11 

general abundance is known to decrease with age [24,25]. A healthy 
balance between the active, reduced glutathione form GSH and its inactive 
oxidized form, GSSG, is preserved by the enzyme glutathione reductase, 
which maintains high levels of active GSH that are able to detoxify harmful 
reactive oxygen species (ROS). The enzymatic activity of glutathione 
reductase directly depends on cellular levels of NADPH. NADPH is created 
from NAD by the activity of NAD kinase, and NADPH levels, like NAD levels, 
are lower in the aging individual [26].  

The age-related NAD deficiency will therefore weaken cellular defenses 
against ROS by limiting GSH production and increase oxidative stress in 
the testis, contributing to an imbalance of cellular redox potential. The 
resulting increased ROS levels have the potential to negatively affect DNA 
integrity, healthy germ cell development, and impair the steroidogenesis 
pathway in Leydig cells, which results in a progressive decline in 
testosterone synthesis and hypogonadism [27].  

AGING AND SPERM QUALITY  

During their differentiation, spermatids, which are the post-meiotic 
haploid male germ cells, undergo extensive nuclear and chromatin 
remodeling processes. Those changes are necessary for the generation of 
fertilization-competent healthy sperm with the proper DNA integrity and 
epigenetic information to ultimately support fertilization and 
development of healthy offspring. The process of sperm chromatin 
reorganization requires the transient and controlled formation of 
numerous endogenous DNA strand breaks [28,29], as well as efficient 
removal of histones and their replacement by sperm-specific nuclear 
proteins called protamines [30]. Both chromatin remodeling processes are 
controlled by an interplay of many chromatin-modifying enzymes, 
including PARPs and NAD-dependent histone deacetylases [31]. Impaired 
PARP and sirtuin activities in animal models with gene deletions resulted 
in reduced sperm chromatin quality and function [32–35]. Decelerated 
functionality of these enzymes, due to worsening NAD deficiency in the 
aging male, may therefore provide some additional explanation why 
sperm quality in older men is inferior to sperm quality in younger men 
[36,37]. In line with these considerations, semen of men of advanced age 
has increased levels of ROS [5,37]. Their sperm nuclei tend to contain 
immature chromatin with more accumulated DNA damage, seen as sperm 
DNA oxidation and fragmentation [5,38]. ROS also target sterols and 
polyunsaturated lipid molecules in the sperm membrane. This lipid 
peroxidation results in the formation of various cytotoxic byproducts and 
importantly interferes with the normal fluidity of sperm membranes, 
which in necessary for sperm motility, sperm capacitation and ultimately 
sperm-egg fusion [39–42]. All those consequences of excessive ROS 
exposure ultimately contribute to the reduced fertility of older men.  
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REPRODUCTIVE AGING, EPIGENETICS, AND OFFSPRING HEALTH  

While women over 35 years of age have long been known to incur an 
increased risk of giving birth to babies with chromosomal abnormalities, 
such as trisomy 21, male age has not been widely recognized as a 
determining factor for safe procreation. This view is changing, and based 
on statistical evaluation of clinical data, the age of 40 has been 
recommended by a study as the cutoff for assisted reproductive technique 
attempts [4].  

Besides the reduced fertility noted in older men, the diminished sperm 
chromatin quality holds increased risks for offspring health [43]. Poor 
sperm genetic integrity, with DNA strand breaks (DNA fragmentation) and 
poor chromatin maturation characterized by excessive retention of 
histones and insufficient protamine deposition, are now widely 
recognized as male-factor causes of abnormal embryonic development 
and recurrent pregnancy loss [44,45]. Among the most dramatic adverse 
effect of advanced paternal age is an increased risk for stillbirth [46]. Other 
negative consequences are increased frequencies of congenital defects 
and genetic diseases in children born to older fathers, underpinning the 
importance of sperm chromatin- and DNA-integrity.  

In addition to these strictly genetic defects, seemingly indirect 
consequences of advanced paternal age, such as incidences of cancer and 
mental diseases, including schizophrenia and autism, are also increased 
in these progeny [7,47]. The direct molecular links in the latter cases are 
not well understood, but likely are connected to altered epigenetic 
information in sperm of father with advanced age [48–50]. 
Epidemiological observations provide a large body of evidence that 
paternal epigenetic inheritance is an important factor of metabolic 
programming in humans [51–54]. Epigenetic inheritance through the male 
germ line may, for instance, contribute to the current epidemic of obesity 
and metabolic disease in the US [53,55–58], where the impact of paternal 
age remains unclear. However, paternal age is positively correlated with 
a healthy body mass index in offspring, but unfortunately it also promotes 
offspring dyslipidemia [59]. In line with the paradigm of developmental 
origin of health and disease (DOHaD), the term “Paternal Origin of Health 
and Disease” (POHaD) has recently been coined to designate the growing 
field of research in this area [60]. Besides DNA methylation and various non-
coding RNAs, sperm chromatin has been shown to be a carrier of epigenetic 
information [31,61,62]. Since epigenetic signatures in sperm rely, among 
other pathways, on the activity of PARP and sirtuin enzymes, the age-related 
NAD decline likely contributes to both, the declining genomic integrity and 
the inferior epigenetic signatures in sperm of aging men.  

SUMMARY  

The decline in male reproductive fitness that occurs with advancing age 
comprises direct effects, including impaired hormonal homeostasis and 
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decreasing testicular volume, as well as deteriorating sperm quality, 
fertility problems and, ultimately, impaired offspring health.  

The symptoms of reproductive aging in males share common 
molecular pathways and regulators that depend on a precise control of the 
cellular redox balance and energy metabolism. A central player in these 
molecular processes is the essential metabolic cofactor NAD. One of the 
hallmarks of aging is a marked decrease of cellular NAD levels over time, 
which results in a shift in the cellular redox balance. An increasing body 
of evidence therefore suggests that failing NAD levels provide a plausible, 
overarching link between different aspects of aging, such as metabolic 
disease leading to increased inflammation, reduced testicular function, 
poor sperm quality and compromised offspring health (Figure 1).  

 

Figure 1. Link between NAD and reproductive health. The availability of NAD determines how active 
cellular redox enzymes and epigenetic modifiers like PARPs and sirtuins can be, which in turn regulates 
cellular redox balance, DNA repair capability, chromatin organization and inflammation. In the context of 
reproductive health, declining NAD availability during aging thus can negatively affect hormonal control 
and germ cell quality, and ultimately results in diminished reproductive fitness and offspring health. 

AUTHOR CONTRIBUTIONS  

RGM and MMF wrote the article.  

CONFLICTS OF INTEREST  

The authors declare no conflicts of interest.  

ACKNOWLEDGMENTS  

We acknowledge support by grants from the National Institutes of 
Health (NIH 1R15HD100970) and the Utah Agricultural Experiment Station 
(UTA01403) to RGM, and NIH grant 1R56AG069745 to MMF. 

REFERENCES 

1. Olshansky SJ. From Lifespan to Healthspan. JAMA. 2018;320(13):1323-4. doi: 

10.1001/jama.2018.12621 

Adv Geriatr Med Res. 2021;3(1):e210005. https://doi.org/10.20900/agmr20210005 



 
Advances in Geriatric Medicine and Research 7 of 11 

2. Nieschlag E. Late-onset hypogonadism: a concept comes of age. Andrology. 

2020;8(6):1506-11. doi: 10.1111/andr.12719 

3. Harris ID, Fronczak C, Roth L, Meacham RB. Fertility and the aging male. Rev 

Urol. 2011;13(4):e184-90. 

4. Kaarouch I, Bouamoud N, Madkour A, Louanjli N, Saadani B, Assou S, et al. 

Paternal age: Negative impact on sperm genome decays and IVF outcomes 

after 40 years. Mol Reprod Dev. 2018;85(3):271-80. doi: 10.1002/mrd.22963 

5. Yatsenko AN, Turek PJ. Reproductive genetics and the aging male. J Assist 

Reprod Genet. 2018;35(6):933-41. doi: 10.1007/s10815-018-1148-y 

6. Hamilton BE, Martin JA, Osterman MJK, Curtin SC, Matthews TJ. Births: Final 

Data for 2014. Natl Vital Stat Rep. 2015;64(12):1-64. 

7. Kimura R, Yoshizaki K, Osumi N. Risk of Neurodevelopmental Disease by 

Paternal Aging: A Possible Influence of Epigenetic Alteration in Sperm. Adv 

Exp Med Biol. 2018;1012:75-81. doi: 10.1007/978-981-10-5526-3_8 

8. Yoshino J, Baur JA, Imai S. NAD+ Intermediates: The Biology and Therapeutic 

Potential of NMN and NR. Cell Metab. 2018;27(3):513-28. doi: 

10.1016/j.cmet.2017.11.002 

9. Imai S, Guarente L. NAD+ and sirtuins in aging and disease. Trends Cell Biol. 

2014;24(8):464-471. doi: 10.1016/j.tcb.2014.04.002 

10. Kirkland JB, Meyer-Ficca ML, Niacin. Adv Food Nutr Res. 2018;83:83-149. doi: 

10.1016/bs.afnr.2017.11.003 

11. Houtkooper RH, Cantó C, Wanders RJ, Auwerx J. The secret life of NAD+: an 

old metabolite controlling new metabolic signaling pathways. Endocr Rev. 

2010;31(2):194-223. doi: 10.1210/er.2009-0026 

12. Covarrubias AJ, Perrone R, Grozio A, Verdin E. NAD+ metabolism and its roles 

in cellular processes during ageing. Nat Rev Mol Cell Biol. 2020. doi: 

10.1038/s41580-020-00313-x 

13. Verdin E. NAD+ in aging, metabolism, and neurodegeneration. Science. 

2015;350(6265):1208-13. doi: 10.1126/science.aac4854 

14. Johnson S, Imai S-I. NAD+ biosynthesis, aging, and disease. F1000Res. 

2018;7:132. doi: 10.12688/f1000research.12120.1  

15. Chini CCS, Tarragó MG, Chini EN. NAD and the aging process: Role in life, 

death and everything in between. Mol Cell Endocrinol. 2017;455:62-74. doi: 

10.1016/j.mce.2016.11.003  

16. McReynolds MR, Chellappa K, Baur JA. Age-related NAD+ decline. Exp 

Gerontol. 2020;134:110888. doi: 10.1016/j.exger.2020.110888 

17. Xie N, Zhang L, Gao W, Huang C, Huber PE, Zhou X, et al. NAD+ metabolism: 

pathophysiologic mechanisms and therapeutic potential. Signal Transduct 

Target Ther. 2020;5(1):227. doi: 10.1038/s41392-020-00311-7 

18. Mahmoud AM, Goemaere S, El-Garem Y, Van Pottelbergh I, Comhaire FH, 

Kaufman JM. Testicular volume in relation to hormonal indices of gonadal 

function in community-dwelling elderly men. J Clin Endocrinol Metab. 

2003;88(1):179-84. doi: 10.1210/jc.2002-020408 

19. Beattie MC, Adekola L, Papadopoulos V, Chen H, Zirkin BR. Leydig cell aging 

and hypogonadism. Exp Gerontol. 2015;68:87-91. doi: 

10.1016/j.exger.2015.02.014 

Adv Geriatr Med Res. 2021;3(1):e210005. https://doi.org/10.20900/agmr20210005 



 
Advances in Geriatric Medicine and Research 8 of 11 

20. Almeida S, Rato L, Sousa M, Alves MG, Oliveira PF. Fertility and Sperm Quality 

in the Aging Male. Curr Pharm Des. 2017;23:30. doi: 

10.2174/1381612823666170503150313 

21. Roh E, Kim M-S. Hypothalamic NAD+-Sirtuin Axis: Function and Regulation. 

Biomolecules. 2020;10(3):396. doi: 10.3390/biom10030396 

22. Chandrasekaran A, Idelchik MDPS, Melendez JA. Redox control of senescence 

and age-related disease. Redox Biol. 2017;11:91-102. doi: 

10.1016/j.redox.2016.11.005 

23. Wallace DC, A mitochondrial paradigm of metabolic and degenerative 

diseases, aging, and cancer: a dawn for evolutionary medicine. Annu Rev 

Genet. 2005;39:359-407. doi: 10.1146/annurev.genet.39.110304.095751 

24. Teskey G, Abrahem R, Cao R, Gyurjian K, Islamoglu H, Lucero M, et al. 

Glutathione as a Marker for Human Disease. Adv Clin Chem. 2018; 87:141-59. 

doi: 10.1016/bs.acc.2018.07.004 

25. Maher P. The effects of stress and aging on glutathione metabolism. Ageing 

Res Rev. 2005;4(2):288-314. doi: 10.1016/j.arr.2005.02.005 

26. Bradshaw PC. Cytoplasmic and Mitochondrial NADPH-Coupled Redox 

Systems in the Regulation of Aging. Nutrients. 2019;11(3):504. doi: 

10.3390/nu11030504 

27. Wang Y, Chen F, Ye L, Zirkin B, Chen H. Steroidogenesis in Leydig cells: effects 

of aging and environmental factors. Reprod Camb Engl. 2017;154(4):R111-22. 

doi: 10.1530/REP-17-0064 

28. Smith A, Haaf T. DNA nicks and increased sensitivity of DNA to fluorescence 

in situ end labeling during functional spermiogenesis. BioTechniques. 

1988;25(3):496-502. 

29. Meyer-Ficca ML, Scherthan H, Burkle A, Meyer RG. Poly(ADP-ribosyl)ation 

during chromatin remodeling steps in rat spermiogenesis. Chromosoma. 

2005;114(1):67-74. doi: 10.1007/s00412-005-0344-6 

30. Meistrich ML, Mohapatra B, Shirley CR, Zhao M. Roles of transition nuclear 

proteins in spermiogenesis. Chromosoma. 2003;111(8):483-88. doi: 

10.1007/s00412-002-0227-z 

31. Meyer RG, Ketchum CC, Meyer-Ficca ML. Heritable sperm chromatin 

epigenetics: a break to remember. Biol Reprod. 2017;97(6):784-97. doi: 

10.1093/biolre/iox137  

32. Meyer-Ficca ML, Lonchar J, Credidio C, Ihara M, Li Y, Wang Z-Q, et al. 

Disruption of Poly(ADP-Ribose) Homeostasis Affects Spermiogenesis and 

Sperm Chromatin Integrity in Mice. Biol Reprod. 2009;81(1):46-55. doi: 

10.1095/biolreprod.108.075390 

33. Meyer-Ficca ML, Ihara M, Julia D Lonchar JD, Meistrich ML, Austin CA, Min 

W, et al. Poly(ADP-ribose) Metabolism Is Essential for Proper Nucleoprotein 

Exchange During Mouse Spermiogenesis. Biol Reprod. 2011;84(2):218-28. doi: 

10.1095/biolreprod.110.087361 

34. Bell EL, Nagamori I, Williams EO, Del Rosario AM, Bryson BD, Watson N, et al. 

SirT1 is required in the male germ cell for differentiation and fecundity in 

mice. Dev Camb Engl. 2014;141(18):3495-504. doi: 10.1242/dev.110627 

Adv Geriatr Med Res. 2021;3(1):e210005. https://doi.org/10.20900/agmr20210005 



 
Advances in Geriatric Medicine and Research 9 of 11 

35. Coussens M, Maresh JG, Yanagimachi R, Maeda G, Allsopp R. Sirt1 Deficiency 

Attenuates Spermatogenesis and Germ Cell Function. PLoS One. 

2008;3(2):e1571. doi: 10.1371/journal.pone.0001571 

36. Nguyen-Powanda P, Robaire B. Oxidative Stress and Reproductive Function 

in the Aging Male. Biology. 2020;9(9)282. doi: 10.3390/biology9090282 

37. Kovac JR, Addai J, Smith RP, Coward RM, Lamb DJ, Lipshultz LI. The effects of 

advanced paternal age on fertility. Asian J Androl. 2013;15(6):723-28. doi: 

10.1038/aja.2013.92 

38. Albani E, Castellano S, Gurrieri B, Arruzzolo L, Negri L, Borroni EM, et al. Male 

age: negative impact on sperm DNA fragmentation. Aging. 2019;11(9):2749-61. 

doi: 10.18632/aging.101946 

39. Moazamian R, Polhemus A, Connaughton H, Fraser B, Whiting S, Gharagozloo 

P, et al. Oxidative stress and human spermatozoa: diagnostic and functional 

significance of aldehydes generated as a result of lipid peroxidation. MHR 

Basic Sci Reprod Med. 2015;21(6):502-15. doi: 10.1093/molehr/gav014 

40. Scarlata E, O’Flaherty C. Antioxidant Enzymes and Male Fertility: Lessons 

from Knockout Models. Antioxid Redox Signal. 2020;32(8):569-80. doi: 

10.1089/ars.2019.7985 

41. Noblanc A, Klaassen A, Robaire B. The Exacerbation of Aging and Oxidative 

Stress in the Epididymis of Sod1 Null Mice. Antioxid Basel Switz. 2020;9(2):151. 

doi: 10.3390/antiox9020151 

42. Paul C, Robaire B. Ageing of the male germ line. Nat Rev Urol. 2013;10(4):227-

34. doi: 10.1038/nrurol.2013.18 

43. Rosiak-Gill A, Gill K, Jakubik J, Fraczek M, Patorski L, Gaczarzewicz D, et al. 

Age-related changes in human sperm DNA integrity. Aging. 2019;11(15):5399-

411. doi: 10.18632/aging.102120 

44. Colasante A, Minasi MG, Scarselli F, Casciani V, Zazzaro V, Ruberti A, et al. The 

aging male: Relationship between male age, sperm quality and sperm DNA 

damage in an unselected population of 3124 men attending the fertility centre 

for the first time. Arch Ital Urol Androl. 2019;90(4):254-9. doi: 

10.4081/aiua.2018.4.254 

45. Ribas-Maynou J, Benet J. Single and Double Strand Sperm DNA Damage: 

Different Reproductive Effects on Male Fertility. Genes. 2019;10(2):105. doi: 

10.3390/genes10020105 

46. Urhoj SK, Andersen PK, Mortensen LH, Smith GD, Nybo Andersen A-M. 

Advanced paternal age and stillbirth rate: a nationwide register-based cohort 

study of 944,031 pregnancies in Denmark. Eur J Epidemiol. 2017;32(3):227-34. 

doi: 10.1007/s10654-017-0237-z 

47. Jenkins TG, Aston KI, Pflueger C, Cairns BR, Carrell DT. Age-associated sperm 

DNA methylation alterations: possible implications in offspring disease 

susceptibility. PLoS Genet. 2014;10(7):e1004458. doi: 

10.1371/journal.pgen.1004458 

48. Kubota T, Miyake K, Hariya N, Mochizuki K. Understanding the epigenetics of 

neurodevelopmental disorders and DOHaD. J Dev. Orig Health Dis. 

2015;6(2):96-104. doi: 10.1017/S2040174415000057 

Adv Geriatr Med Res. 2021;3(1):e210005. https://doi.org/10.20900/agmr20210005 



 
Advances in Geriatric Medicine and Research 10 of 11 

49. de Kluiver H, Buizer-Voskamp JE, Dolan CV, Boomsma DI. Paternal age and 

psychiatric disorders: A review. Am J Med Genet Part B Neuropsychiatr Genet. 

2017;174(3):202-13. doi: 10.1002/ajmg.b.32508 

50. Feinberg JI, Bakulski KM, Jaffe AE, Tryggvadottir R, Brown SC, Goldman LR, et 

al. Paternal sperm DNA methylation associated with early signs of autism risk 

in an autism-enriched cohort. Int J Epidemiol. 2015;44(4):1199-210. doi: 

10.1093/ije/dyv028 

51. Hur SSJ, Cropley JE, Suter CM. Paternal epigenetic programming: evolving 

metabolic disease risk. J Mol Endocrinol. 2017;58(3):R159-68. doi: 

10.1530/JME-16-0236 

52. Lempradl A. Germ cell-mediated mechanisms of epigenetic inheritance. 

Semin. Cell Dev Biol. 2020;97:116-22. doi: 10.1016/j.semcdb.2019.07.012 

53. Rando OJ. Daddy issues: paternal effects on phenotype. Cell. 2012;151(4):702-

8. doi: 10.1016/j.cell.2012.10.020 

54. Rando OJ, Simmons RA. I’m eating for two: parental dietary effects on 

offspring metabolism. Cell. 2015;161(1):93-105. doi: 10.1016/j.cell.2015.02.021 

55. Illum LRH, Bak ST, Lund S, Nielsen AL. DNA methylation in epigenetic 

inheritance of metabolic diseases through the male germ line. J Mol 

Endocrinol. 2018;60(2):R39-56. doi: 10.1530/JME-17-0189 

56. Fullston T, McPherson NO, Owens JA, Kang WX, Sandeman LY, Lane M. 

Paternal obesity induces metabolic and sperm disturbances in male offspring 

that are exacerbated by their exposure to an ‘obesogenic’ diet. Physiol Rep. 

2015;3(3):e12336. doi: 10.14814/phy2.12336 

57. Craig JR, Jenkins TG, Carrell DT, Hotaling JM. Obesity, male infertility, and the 

sperm epigenome. Fertil Steril. 2017;107(4):848-59. doi: 

10.1016/j.fertnstert.2017.02.115 

58. Houfflyn S, Matthys C, Soubry A. Male Obesity: Epigenetic Origin and Effects 

in Sperm and Offspring. Curr. Mol Biol Rep. 2017;3(4):288-96. doi: 

10.1007/s40610-017-0083-5 

59. Savage T, Derraik JGB, Miles HL, Mouat F, Hofman PL, Cutfield WS. Increasing 

paternal age at childbirth is associated with taller stature and less favourable 

lipid profiles in their children. Clin. Endocrinol. 2014;80(2):253-60. doi: 

10.1111/cen.12276 

60. Soubry A. POHaD: why we should study future fathers. Environ. Epigenetics. 

2018;4(2):dvy007. doi: 10.1093/eep/dvy007 

61. Ihara M, Meyer-Ficca ML, Leu NA, Rao S, Li F, Gregory BD, et al. Paternal poly 

(ADP-ribose) metabolism modulates retention of inheritable sperm histones 

and early embryonic gene expression. PLoS Genet. 2014;10(5):e1004317. doi: 

10.1371/journal.pgen.1004317 
  

Adv Geriatr Med Res. 2021;3(1):e210005. https://doi.org/10.20900/agmr20210005 



 
Advances in Geriatric Medicine and Research 11 of 11 

62. Zhang Y, Shi J, Rassoulzadegan M, Tuorto F, Chen Q. Sperm RNA code 

programmes the metabolic health of offspring. Nat Rev Endocrinol. 

2019;15(8):489-98. doi: 10.1038/s41574-019-0226-2 

 

 

 

How to cite this article: 

Meyer RG, Meyer-Ficca ML. Metabolism in Male Reproductive Aging. Adv Geriatr Med Res. 2021;3(1):e210005. 

https://doi.org/10.20900/agmr20210005 

Adv Geriatr Med Res. 2021;3(1):e210005. https://doi.org/10.20900/agmr20210005 

https://doi.org/10.20900/agmr20210005

