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Abstract
Epigenetics is the study of gene expression changes that occur in the
absence of altered genotype. Current evidence indicates a role for environmentally induced alterations to epigenetic modifications leading to health
and disease changes across multiple generations. This phenomenon is
called intergenerational or transgenerational epigenetic inheritance of
health or disease. Environmental insults, in the form of toxins, plastics
and particular dietary interventions, perturb the epigenetic landscape and
influence the health of F1 through to F4 generations in rodents. There is,
however, the possibility that healthy lifestyles and environmental factors,
such as exercise training, could lead to favourable, heritable epigenetic
modifications that augment transcriptional programmes protective of disease, including metabolic dysfunction, heart disease and cancer. The health
benefits conferred by regular physical exercise training are unquestionable,
yet many of the molecular changes may have heritable health implications
for future generations. Similar to other environmental factors, exercise
modulates the epigenome of somatic cells and researchers are beginning to
study exercise epigenetics in germ cells. The germ cell epigenetic modifications affected by exercise offer a molecular mechanism for the inheritance
of health and disease risk. The aims of this review are to: (i) provide an
update on the expanding field of exercise epigenetics; (ii) offer an overview
of data on intergenerational/transgenerational epigenetic inheritance of disease by environmental insults; (iii) to discuss the potential of exerciseinduced intergenerational inheritance of health and disease risk; and
finally, outline potential mechanisms and avenues for future work on epigenetic inheritance through exercise.
Keywords disease prevention, DNA methylation, epigenome, exercise
training, microRNA, sperm.

The health benefits of physical activity and exercise
training are well established. However, the molecular
mechanisms governing the health benefits generated
from exercise training remain incompletely understood.1,2 Within the last decade epigenetic modifications have gained considerable attention.3 Profound
changes to epigenetic landscapes across numerous tissues are observed in response to a single bout of aerobic and resistance exercise, and with exercise

adaptations from chronic exercise training.4,5 Some
exercise-responsive genes, including those important
for immune,6 muscle7–9 and brain function,4,10,11 are
regulated by rearrangement of chromatin caused by
epigenetic modifications.
Epigenetics is defined as changes to gene expression
independent of sequence changes that are mitotically
stable and, in some instances, heritable. DNA methylation and hydroxymethylation, acetylation of histone
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proteins and microRNAs are well-documented epigenetic mechanisms capable of influencing gene expression and are also controlled by exercise. The
aforementioned epigenetic processes and the enzymes
regulating these modifications will be the focus of this
review (definitions in Table 1) and are discussed in
detail elsewhere.12–15 It is possible that exercise training prevents and manages the symptoms of many
chronic diseases through the reprogramming of
somatic cell epigenomes. More recently, data have
indicated that exercise training modifies the epigenome of mouse and human spermatozoa.16–18
Unlike genetic (hard) inheritance, epigenetic (soft)
inheritance is restricted to certain genes and other
regions throughout the genome – in locations responsive to environmental perturbations – and occurs due
to the incomplete epigenetic erasure and gamete reprogramming during fertilization and embryogenesis.19–21
If inherited, exercise-induced germ cell epigenetic
modifications could influence embryo development
and programme neonatal transcriptomes, and ultimately influence offspring health and disease risk. Epigenetic inheritance through exercise could have an
unprecedented affect on the health of future
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generations. Conversely, epigenetic inheritance of disease offers a mechanism for the growing incidence of
physical inactivity-related diseases (e.g. obesity)
plaguing modern society.

Exercise modifies epigenomes and controls
health and performance adaptations
Skeletal muscle
The demands placed on skeletal muscle during exercise are responsible for intercellular signalling crucial
for exercise adaptation.22 Increased mitochondrial
density and oxidative function is an established adaptation to exercise training and is facilitated by
increased peroxisome proliferator-activated receptorgamma, co-activator-1 alpha (PPARGC1A) expression.23 A single bout of cycling exercise demethylated
promoter regions and increased the mRNA expression
of key metabolic genes (PPARGC1A, TFAM, PPARD
and PDK4) in humans.8 Much like training adaptations, the epigenetic response to exercise is intensitydependent, where higher intensity exercise leads to a
more pronounced demethylation.8 In mice, the

Table 1 Epigenetic modifications and regulating enzymes controlled by exercise training
Epigenetic
modifications/enzymes
DNA methylation

DNA hydroxymethylation
DNA methyltransferase

Tet methylcytosine
dioxygenases
S-adenosylmethionine
Histone acetylation
Histone acetyltransferases
Histone deacetylases
MicroRNAs

Description
The addition of a methyl (CH3) group to the 5th carbon of cytosine (C) nucleobase neighbouring
a guanine nucleobase. This produces 5-methylcytosine and is typically referred to as
cytosine–phosphate–guanine dinucleotide (CpG) methylation. Whilst methylation typically occurs
at CpGs, non-CpG methylation is also present.
The conversion of 5-methylcytosine to 5-hydroxymethylcytosine by replacing the methyl (–CH3)
group with a hydroxymethyl (CH2OH) group.
Enzymes involved in DNA methylation. DNMT1 is responsible for maintaining DNA methylation
during mitosis. DNMT3A and DNMT3B control de novo methylation during development
and new methylation patterns. DNMT3L does not actively methylate DNA, rather it stimulates
other DNMTs.
Three enzymes (TET1, TET2 and TET3) that actively convert 5-methylcytosine to
5-hydroxymethylcytosine through an oxidative process.
A methyl donor used for active DNA methylation.
The acquisition of an acetyl (CH3CO) group to lysine (K) residues on histone proteins (H2A,
H2B, H2AX, H3).
A class of enzymes responsible for actively acetylating histone proteins (e.g. CBP/p300).
Different enzymes responsible for deacetylating histone proteins (e.g. HDAC1, HDAC2
and HDAC4).
Small (~22 nt) non-coding RNAs (e.g. miR-1, miR-21 and miR-133a) that combine with
argonaute proteins to form the RNA-induced silencing complex (RISC) and subsequently
post-transcriptionally regulate gene expression, through negative regulation or mRNA degradation.

Legend: C, carbon; H, hydrogen; OH, hydroxy; DNMT1, DNA methyltransferase 1; DNMT3A, DNA methyltransferase 3A;
DNMT3B, DNA methyltransferase 3B; DNA methyltransferase 3L; SAM, S-adenosylmethionine; CH3CO, acetyl; K, lysine;
H2A, histone protein 2A; H2B, histone protein 2B; H2AX, histone protein 2AX; H3, histone protein 3; HDAC1, histone
deacetylase 1; HDAC2, histone deacetylase 2; HDAC4, histone deacetylase 4; nt, nucleotides; miR, microRNA; RISC, RNAinduced silencing complex; mRNA, messenger RNA.
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increased expression of Ppargc1a mRNA, however,
occurred in the absence of promoter DNA methylation and hydroxymethylation changes but with elevated exonic histone-3 lysine-4 trimethylation
(H3K4me3) – a histone modification indicative of
transcriptional activation – following exhaustive exercise.24 The contrasting findings are potentially due to
species and assay differences between the studies. The
glucose transporter, Glut4, is another example of an
epigenetically regulated gene influenced by a single
exercise bout,25 and Glut4 like many others, is possibly facilitated by the nuclear export of class IIa histone deacetylases (HDAC4 and HDAC5).26
Non-coding RNA molecules also regulate skeletal
muscle adaptations to exercise training, including the
genetically conserved microRNAs (miRNA), which are
typically 18–25 nucleotides long. The miR-378 family
may regulate insulin sensitivity by the post-transcriptional regulation of PPAR genes, as the miR-378 gene
located in intron 1 of the PPARGC1B, has predicted
complementary binding to the PPARGC1A/B 30
untranslated regions (UTR) and is increased in skeletal
muscle after a bout of interval training.27 The miR-494
inhibits mitochondrial biogenesis by targeting the 30
UTR of the mitochondrial transcription factor A
(TFAM) and forkhead box J3 (FOXJ3) genes.28 Notably, 7 days of endurance exercise increases skeletal
muscle mitochondrial content, Ppargc1a, Tfam and
Foxj3 expression and decreases miR-494 abundance in
mice.28 In humans, a host of miRs are differentially
expressed in skeletal muscle following a single bout of
exercise and long-term exercise training and control
important metabolic adaptations. For example, skeletal
muscle miR-1 and miR-133a are increased after a single
bout of moderate-intensity cycling in healthy men.29,30
However, the exercise-induced increased expression of
these myomiRs is abrogated after 12 weeks of endurance training, followed by lower resting miR-1 and
miR-133a expression.30 A cross-institutional 6-week
aerobic training intervention significantly improved
_ 2max in sedentary men with concomitant transcripVO
tional and post-transcriptional reprogramming in skeletal muscle, demonstrating the coordinated mRNA and
miRNA (miR-1, miR-101, miR-133a, miR-455) alterations underlying the exercise-induced gains to cardiorespiratory fitness.31 The critical role of miR-133a
in mitochondrial biogenesis and exercise performance
was recently revealed. The expected mitochondrial,
metabolic and performance adaptations to exercise
training were abolished in miR-133a-deficient mice,
with concomitant decreases in Ppargc1a/g/b and Tfam
mRNA expression.32 Similar to skeletal muscle adaptations to endurance exercise training, the epigenetic programming is reversible, as a 2-week period of exercise
cessation reverts miR-1 and miR-133a to pre-exercise
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levels,30 emphasizing the need for consistent exercise
training for metabolic function. Despite a lack of control subjects amongst the aforementioned human trials,
these data highlight the roles of miRNAs in skeletal
muscle adaptations to exercise.
Genomewide surveys of skeletal muscle DNA
methylation have also revealed coordinated reprogramming reflective of adaptation to exercise. Six
months of moderate-intensity exercise altered genomewide DNA methylation status and gene expression in
middle-aged individuals with and without a family
history of type 2 diabetes, particularly in genes with
roles in pathways for metabolism (retinol metabolism,
calcium and MAPK signalling).7 Reprogramming of
the skeletal muscle transcriptome and altered genomewide DNA methylation in important exercise adaptation
pathways
–
for
example
oxidative
phosphorylation and blood vessel development – were
observed in young individuals after 3 months of single
leg knee extension exercise.33 In this robust study, the
increased performance (maximum power output),
citrate synthase activity, DNA methylation and gene
expression changes observed in the exercised leg were
absent in the untrained leg, indicating the epigenetic
changes were caused by the exercise training.33 The
findings also indicate that circulating factors, such as
non-coding RNAs, may not regulate the systemic
skeletal muscle epigenetic landscape. Therefore, exercise training – both acute and long-term – is a powerful environmental factor responsible for epigenetic
reprogramming of skeletal muscle in metabolic genes
and those with known roles in performance adaptations. Whilst exercise is a favourable environment capable of modifying the skeletal muscle epigenome,
inactivity is a harmful one that leads to metabolic dysfunction. Like the health benefits conferred by exercise
training, the epigenetic landscape is perturbed by severe inactivity, as aberrant DNA methylation34 and
miRNA expression35 reprogramming occurs with bed
rest in humans, and hindlimb suspension in mice.36

Heart
Extensive endurance exercise training leads to physiological cardiac hypertrophy, which unlike pathological
cardiac hypertrophy is without cardiac dysfunction.37,38 Exercise-induced physiological left ventricular
hypertrophy (LVH) increases stroke volume thereby
improving maximal oxygen uptake and endurance performance. Swimming training leads to LVH with
increased left ventricular miR-27a and miR-27b abundance and decreased target mRNA, angiotensin converting enzyme (Ace), in rats.39 The same research
group have revealed the epigenetic control of LVH by
modulation to miR-208 after exercise.40 Rat miR-21,
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miR-144 and miR-124 are also involved in cardiac
growth as they signal exercise-induced LVH through
their targeted regulation of phosphatase and tensin
homolog (PTEN) and phosphoinositide-3-kinase catalytic alpha (PI3Ka).41 Increased miR-126 is implicated
in cardiac angiogenesis associated with exercise training
through its regulation of proteins in the vascular
endothelial growth factor pathway (Pi3kr2 and Spred1)
in rats.42 Similarly, the role of miR-222 in cardiac
hypertrophy was also revealed. Increased miR-222
induced cardio myocyte growth in vitro, and a similar
increase was found after 3 weeks of exercise (both voluntary wheel running and swimming models) in mouse
cardio myocytes and in serum after acute exercise performed by cardiac patients.43 Additional in vitro antagomiR and luciferase experiments confirmed miR-222’s
role in promoting cardio myocyte growth, proliferation
and the prevention of apoptosis by targeting four transcripts (cell cycle inhibitor p27, homeodomain interacting protein kinase 1 and 2, and homeobox containing
1).43 Finally, cardiac hypertrophy was blocked in exercised mice injected with LNA-anti-miR-222.43
Indeed, it seems that exercise is a therapeutic strategy
to remediate adverse cardiac function caused by heart
disease through regulation of epigenetic modifications.
Cardiac dysfunction caused by myocardial infarction is
attenuated by aerobic exercise training, and seems to be
controlled by miRNAs. The aberrant increased and
decreased expression of miR-214 and miR-1, respectively, caused by surgery-induced myocardial infarction
(MI) in Wistar rats, was restored to pre-infarct levels
after forced swimming exercise.44 Moreover, exercise
training prevented cardiac scarring and cardiac dysfunction after MI by increasing cardiac miR-29a and
miR-29c abundance, subsequently reducing the expression of collagen gene (collagen type I alpha 1 and collagen type III alpha I).45 The increased miR-29a
expression caused by exercise, regulated key genes
(Hspg2, Sparc, Col4a1, Lamc1, Fbn1 and Nid2) and
regenerated damaged muscle through the proliferation
of myogenic progenitor cells in mice.46
Human aortic endothelial cells (HAECs) cultured
in vitro with high-density lipoprotein cholesterol
(HDL-C) isolated from chronic heart failure (CHF)
patients suppress the pro-angiogenic miRNAs, miR-21
and miR-126.47 After moderate-intensity cycling, however, the miR-21 and miR-126 expression was
increased almost to a comparable level to that of the
healthy controls.47 Therefore, exercise training may
restore angiogenic capacity of endothelial cells that is
otherwise deregulated to elicit a pro-atherogenic environment in CHF patients, and circulating proteins
(HDL-C and IL-6) or molecules (exosomal RNAs)
may modulate the epigenome of multiple tissues in
response to exercise. The exercise-induced increased
4
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expression of miR-29b and miR-455 isolated from
cardiac exosomes was associated with decreased cardiac matrix metalloprotease 9 gene expression, with a
known role in cardiac fibrosis and myocyte uncoupling, in a mouse model of diabetes (db/db mice).48
Thus, aerobic exercise training elicits LVH and effectively attenuates the adverse impacts of myocardial
dysfunction caused by MI through the modulation of
a network of miRNAs. It is, however, currently
unknown whether other epigenetic modifications (e.g.
DNA methylation, histone modifications) regulate cardiac adaptations conferred by exercise training.

Blood
Leucocyte epigenetic landscapes are implicated as risk
factors of diseases, particularly cancer. Losses of global and long interspersed nuclear elements 1 (LINE-1)
DNA methylation are indicative of ageing and cancer.
Interestingly, self-reported physical activity is generally
positively correlated to global DNA methylation in
healthy, middle-aged and older adults.49,50 Data are,
however, equivocal as other reports present inverse
correlations51 or a lack of statistically significant associations between physical activity and global DNA
methylation.52 The discordant findings could be
explained by different methods of assessing DNA
methylation status (LINE-1 vs. luminometric methylation assay) and potential type 1 error due to modest
statistical power. An issue with blood sampling is that
leucocytes are heterogeneous and the epigenetic landscape is affected by the distribution of cell subsets.
However, cell-lineage-specific DNA methylation accurately estimates cell type distributions of leucocytes
and can be used to adjust statistical models to enable
the reliable assessment of differentially methylated
immune cells.53,54
Superior cardiorespiratory fitness, a healthy blood
lipid profile and improvements to body composition
are well known adaptations to regular aerobic exercise
training that are likely regulated by epigenetic mechanisms. Four weeks of sprint interval training (SIT) had
a pronounced effect on genomewide leucocyte DNA
methylation in healthy young men.55 Although the
transcriptional responses were not quantified, the genomewide DNA methylation changes occurred in genes
enriched for pathways important for cardiovascular
health, such as calcium, MAPK and PI3K–Akt signalling pathways, and were associated with the
improvement to cardiorespiratory fitness and low-density lipoprotein lowering.55 The blood epigenome
could serve as a biomarker of exercise-related traits
and responsiveness to exercise interventions. Five
regions in or close to the aquaporin 9 (AQP9), dualspecificity phosphatase 22 (DUSP22), homeodomain
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interacting protein kinase 3 (HIPK3), troponin T type
1 (TNNT1) and troponin I type 3 (TNNI3) were differentially methylated in overweight adolescent low
and high responders to a multi-disciplinary weight-loss
intervention.56 Others revealed high-intensity walking
exercise alleviates the ageing-related DNA methylation
decrease in a pro-inflammatory cytokine gene, PYD
and CARD domain containing (ASC),57 and that
whilst recombinant interleukin-6 increases protein
content of DNMT3A and DNMT3B in vitro, other
circulating factors are responsible for acute regulation
of epigenetic enzymes and chromatin remodelling elicited by exercise.58 Many signalling molecules are
implicated in initiating epigenetic reprogramming;
these include transcription factors, reactive oxygen
and nitrogen species, inflammatory cytokines and noncoding RNAs. It will be important to establish their
potential roles in regulating epigenetic enzymes, the
corresponding tissue-specific epigenetic modifications,
corresponding transcriptional reprogramming and
phenotypic adaptations after exercise training.
Circulating – for example whole blood, serum,
plasma – miRNAs are a mixture of non-coding RNAs
derived from peripheral tissues and leucocytes.59,60
For this reason, circulating miRNAs could serve as
biomarkers of disease and exercise-associated traits
because they respond to internal (biological) and
external environments, such as lifestyle (reviewed in
refs 61,62). Indeed, individuals with comparatively
_ 2max (mL kg0.75 min1) possessed
low vs. high VO
increased serum miRNAs – miR-21, miR-210 and
miR-222.63 A marathon race increased the expression
of plasma miR-1, miR-133a and miR-206 and the
exercise-induced change in athletes’ miRNAs were
_ 2max (n = 14).64 Muspositively correlated to their VO
cle-enriched miRNAs are particularly strong candidates for exercise-related biomarkers, as resting whole
blood content of miR-1 and miR-486 were positively
_ 2max (n = 123).65 Furthermore, a host
correlated to VO
plasma/serum-based miRNAs are regulated by a single
bout of aerobic exercise training66 and long-term exercise training67–69 (previously reviewed in ref. 4), and
circulating miRNAs are differentially expressed
between endurance and strength-trained athletes.70,71
Specifically, the endurance athletes possessed increased
abundance of plasma miR-21, miR-221, miR-222 and
miR-146a relative to strength athletes,70 demonstrating the different signalling pathways associated with
strength and endurance adaptations to particular
modes of exercise.

The brain and other tissues
Exercise is an environmental (lifestyle) factor with the
potential to systemically modify the epigenetic
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landscape across numerous tissues. Differentially
expressed miRNAs have been found between exercising
and non-exercising rodents in liver (miR-378b72), kidney (miR-19273), spinal cord after spinal cord injury
(miR-21, miR-15b and miR-199a-3p)74,75 and in various areas of the brain, including the cerebral cortex
after traumatic brain injury (miR-21, miR-92a, miR124, miR-138, miR-874 and let-7c76), hippocampus
(miR-124) – associated with stress resilience77 – and the
nucleus accumbens (miR-342-5p and miR-466).78 The
brain is responsive to exercise-induced global DNA
methylation modifications79,80 leading to neurogenesis
by demethylating the promoter region of the Bdnf
gene.10 The brain seems particularly responsive to exercise-induced epigenetic regulation. Histone protein-3
lysine-9 methylation and the abundance of DNA
methyltransferase (DNMT)-1 and DNMT3b are
reduced following a single bout of exercise,81 consistent
with other data at the transcriptional level.11 Histone
modifications following exercise are also linked to
improvements to learning and coping with psychological stress. Supporting the capacity of acute exercise to
modulate the proteins responsible for modifying the
epigenome, increased phospho-acetylation (on histone
3 at serine-10/lysine-14) – a histone modification reflective of transcriptional activation – was observed in the
dentate gyrus of rats after forced swimming and
remained elevated above basal levels 4 h after the cessation of exercise,82 an effect observed by others.83
Decreased and increased activities of enzymes, histone
deacetylase (HDAC) and histone acetyltransferase
(HAT), respectively, are reasonable factors controlling
histone modifications observed in the hippocampus of
exercised rats.84 It therefore seems that exercise training
modulates the epigenome and miRNome to promote
neuroplasticity and neurogenesis, which subsequently
improves cognition and psychological resilience.
Collectively, these studies infer epigenetic modifications govern key adaptations to aerobic exercise training across numerous tissues by fine-tuning gene
expression and signalling leading to translational
reprogramming (Fig. 1). Severe sedentary behaviour
deregulates epigenetic modifications to facilitate the
manifestation of cardio-metabolic risk factors (Fig. 2).
Exercise could influence epigenetic modifications to
restore or remediate many cardio-metabolic diseases,
including cardiac dysfunction, atherosclerosis and type
2 diabetes. If like many somatic cells, germ cells, are
vulnerable to the epigenetic reprogramming conferred
by exercise then these modifications may influence
embryogenesis at the transcriptional level. This, in
turn, could influence the somatic and germ cell epigenomes of the progeny, and ultimately provide a transcriptional framework conducive to the prevention of
disease and exercise adaptation.
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Figure 1 Epigenetic modifications linked to exercise-induced adaptations. Chronic exercise training regulates epigenetic modifications, including DNA methylation, histone post-translational modifications (histone methylation and acetylation) and microRNAs. The epigenetic landscapes of peripheral blood (a), brain (b), cardiac exosomes (c), heart (d), skeletal muscle (e) and
sperm (f) cells respond to chronic exercise training. The epigenetic modifications caused by exercise training are associated with
health benefits, such as blood lipid and glucose control, LVH, psychological resilience and neurogenesis, the prevention of premature ageing, and it is hypothesized that sperm and oocyte, and in utero epigenetic changes influences embryogenesis and
affects the developmental origins of health and disease in the offspring (DOHaD). Legend: ↑, increased; ↓, decreased; 5-mc, 5methylcytosine; SNCAIP, synuclein-alpha interacting protein; ANGPT1, angiopoietin 1; GHRH, growth hormone-releasing hormone; IGF1R, insulin-like growth factor 1; PLAG1, pleomorphic adenoma gene 1; ASC, PYD and CARD domain containing;
miR, microRNA; H3, histone 3; ac, acetylation; K9, lysine 9; me, methylation; LVH, left ventricular hypertrophy; K4, lysine 4;
VO2max, maximum oxygen uptake (cardiorespiratory fitness); me3, trimethylation; CpG, cytosine neighbouring a guanine dinucleotide; IGF2, insulin-like growth factor 2; GABRG3, gamma-aminobutyric acid type A receptor gamma3 subunit; PIK3CD,
phosphatidylinositol-4, 5-bisphosphate 3-kinase catalytic subunit delta; DOHaD, developmental origins of health and disease.
This figure was produced using Servier Medical Art (http://www.servier.com/).

Epigenetic inheritance of health and disease
risk: a focus on the affects of environmental
insults, paternal and maternal exercise in
mammals
Environmental insults
Evidence supporting the inheritance of health and disease risk is beginning to emerge, particularly in context with unfavourable, environmental insults. The
seminal data supporting the premise that environmental reprogramming of DNA methylation leads to
6

transgenerational inheritance of disease (male infertility) in F1 to F4 generations were caused by endocrine
disruptor – vinclozolin – treatment to gestating female
rats.85 The detrimental health consequences of vinclozolin, other toxins (e.g. bisphenol A, DDT and jet
fuel) and environmental insults (e.g. stress, smoking
and alcohol) exposure to gestating rodents include
obesity, infertility, ovarian disease and behavioural
consequences (stress response and mate preference) in
subsequent offspring and are reviewed elsewhere.86,87
Non-Mendelian inheritance of health and disease
risk is not a new concept. It was presented by Jean-
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Figure 2 Epigenetic modifications associated with health consequences caused by physical inactivity. Physical inactivity is associated with numerous health consequences and tissues – for example blood (a), brain (b), heart (c), skeletal muscle (d) and
sperm (e) – that are responsive to epigenetic modifications caused by exercise are also prone to aberrant epigenetic programming
through lack of activity. Such physical inactivity-related epigenetic modifications are linked to detrimental health consequences
such as cardiorespiratory deconditioning, cardiac dysfunction, insulin resistance, loss of lean muscle mass and it is hypothesized
that physical inactivity in conjunction with excess caloric intake leads to embryological and developmental impacts that
increases the risk of obesity and metabolic dysfunction in offspring. Legend: ↑, increased; ↓, decreased; miR, microRNA; 5-mc,
5-methylcytosine; VO2max, maximum oxygen uptake (cardiorespiratory fitness); piRNAs, Piwi-interacting RNA; BDNF, brainderived neurotrophic factor; CART, cocaine and amphetamine regulated transcript; FTO, fat mass and obesity associated; NPY,
neuropeptide Y. This figure was produced using Servier Medical Art (http://www.servier.com/).

Baptiste Lamarck over 200 years ago in his Philosophie Zoologique (Zoological Philosophy) in 1809,
when the molecular and cellular mechanisms were
unthought of, but which are now beginning to be
uncovered. One of the earliest published observations
possibly involving epigenetic inheritance of disease

was by the physiologist, Charles-Edouard
BrownSequard, in 1859. He found certain injuries to the
spinal cord of guinea-pigs elicited convulsions and
that some of their offspring displayed symptoms of
the disease – a very rare condition in guinea-pigs.88
Now, molecular mechanisms such as circulating noncoding RNAs and other epigenetic modifications offer
explanations for the observed inheritance of disease.
More recently, maternal under nutrition during pregnancy is linked to numerous conditions in humans and

mice, and acts through epigenetic mechanisms.89–91 For
instance, in utero embryo undernourishment led to
locus-specific differential DNA methylation, with retention of nucleosomes, in the F1 adult mouse sperm and
was associated with transcriptional changes and metabolic disease in the F2 offspring (less muscle mass, more
adiposity and glucose intolerance).89 Notably, DNA
methylation analyses were experimentally validated by
two techniques (MeDIP-seq and bisulphite sequencing)
and four to five litters were used to target the environmental impact on DNA methylation, rather than the
influences of genetic variants.
DNA methylation is not the only epigenetic modification implicated in this process. Small non-coding
RNAs, targeting kinase activity, nervous system and
early development pathways are deregulated in F3
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sperm from vinclozolin-treated maternal ancestry.92
Sperm non-coding RNAs have a distinct role in environmentally induced multi-generational and transgenerational heritability of health and disease risk.
Paternal psychological stress93–95 and low-protein
diet96 perturb sperm non-coding RNAs and transmit
intergenerational health consequences in mouse F1
offspring. Offspring histone96,97 and DNA methylation modifications89,90 are also affected by the paternal environment (low-protein diet, cocaine abuse and
in utero undernourishment). In humans, the sperm
epigenome is modified by ageing98,99 and obesity.100
Interestingly, the age-associated sperm DNA demethylation of the FOXK1 promoter is associated with offspring foetal cord blood methylation and accelerated
gene demethylation in autistic youth.98
It is important to note the difference between transgenerational inheritance and environmental impacts
leading to intergenerational or multi-generational
inheritance (see Fig. 3). It is currently unknown as to
whether exercise training induces transgenerational
epigenetic inheritance of health and disease risk. Current literature, however, suggests exercise leads to
intergenerational inheritance of specific traits and
these are discussed in the next section.

(a)

(b)

Paternal exercise and the inheritance of health and
disease risk
Although it is unclear as to whether exercise alone
influences the progenies’ epigenomes and health status, preconceptional paternal exercise training (Fig. 4)
attenuates the aberrant sperm miRNA and DNA
methylation alterations associated with high-fat dietinduced obesity and metabolic dysfunction. Specifically, a preconception swimming exercise or diet
intervention (8 weeks) normalized body weight, glucose intolerance, plasma leptin and C-reactive protein
concentration in obese sires initially fed a high-fat
diet.18 The researchers also found high-fat diet led to
aberrantly expressed X-chromosome-associated sperm
miRNAs, involved in cell cycle regulation, apoptosis
and embryo development pathways (miR-503, miR542-3p and miR-465b-5p respectively), which were
also restored to control levels by an 8-week diet or
exercise intervention.18 Finally, although the female
offspring from obese sires were heavier, possessed
larger renal fat deposits, higher plasma triglycerides
and insulin resistance, both the diet and exercise
interventions were effective at ameliorating the heritable metabolic consequences of paternal obesity.18

(c)

Figure 3 A schematic of the different types of epigenetic inheritance caused by maternal and paternal environmental (lifestyle) factors. Transgenerational inheritance occurs when phenotypic changes are experienced by the offspring of the founder generation
independent of exposure to the environmental condition (or intervention). A transgenerational epigenetic heritable influence has
occurred when the phenotype and epigenetic profile is altered in the third generation (F3), if a maternal environmental effect has
occurred during gestation, or in the second generation, if a maternal or paternal environmental stimuli was experienced before conception (a, b and c respectively). Conversely, intergenerational epigenetic inheritance occurs when an environmental stressor
directly impacts the epigenetic landscape and phenotype of the offspring or offspring’s germ line. The difference being that the environmental stressor directly impacts the individual and their gametes (spermatozoa and oocytes – F1) in intergenerational inheritance, whereas in the case of transgenerational inheritance, the offspring have not been exposed to the environmental factor or
intervention. Legend: F0, base (parent) generation, parent; F1, first generation; F2, second generation; F3, third generation.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4 Time-points environmental factors could reprogramme epigenomes of maternal and paternal germ cells and
lead to epigenetic inheritance of health and disease risk. There
are critical time-points when exercise could reprogramme
germ cells and subsequently influence the offspring. Whilst
preconceptional paternal (a) and maternal (b) exercise could
modify the epigenetic landscape of spermatozoa and oocytes
respectively, paternal exercise could also influence the abundance non-coding RNAs and proteins in semen (c). These epigenetic modifications could facilitate transcriptional
reprogramming in utero and affect fertilization and/or
embryogenesis (d). Upon fertilization and embryogenesis the
effects of paternal exercise on the developing offspring (F1) are
limited and any additional epigenetic reprogramming are
implemented in utero by maternal exercise (e). Finally, it is
plausible that newborn (F1) offspring are vulnerable to epigenetic regulation by maternal exercise-induced milk-bound
non-coding RNAs or proteins, etc. that are consumed during
suckling (f). These critical time-points, paternal and maternal
impact of exercise-induced epigenetic reprogramming could
ultimately lead to health adaptations and modified disease risk
in the future generations in youth and adulthood. Exercise
may be an effective therapeutic strategy to prevent the epigenetic inheritance of disease transmitted by the parents exposed
to harmful environmental insults (psychological stress, ageassociated diseases, metabolic syndrome). Nonetheless, the
harmful, heritable effects of environmental insults (obesity,
psychological stress, etc.) experienced by the offspring (F1) of
those exposed (F0) are most likely effectively prevented or
managed by lifestyle strategies, including exercise.

Therefore, paternal obesity was associated with transmission of metabolic syndrome risk factors to the
offspring and exercise was a successful intervention
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that prevented the harmful epigenetic inheritance of
disease.
There may be a vulnerability to other environment
insults in those from a physically active ancestry who
do not exercise. When challenged with a high-fat diet
for 12 weeks, the male offspring of exercised sires
paired with non-litter mate control dams (C57B/6J
mice) exhibited increased body weight and adiposity,
glucose intolerance and insulin resistance due to a
reduced basal metabolic rate.17 The exercised sires
showed a decreased skeletal muscle pyruvate dehydrogenase kinase 4 (Pdk4) mRNA expression, an important regulator of glucose metabolism, also reduced in
skeletal muscle of the exercised sires’ offspring.17
These data are consistent with human evidence suggesting PDK4 mRNA is epigenetically controlled and
decreased following exercise training.8 Exerciseinduced sperm epigenetic reprogramming could have
contributed to the altered phenotypic and transcriptional changes to the skeletal muscle genes in the offspring from exercised sires, as differential miRNA
expression (miR-21, miR-221, miR-431, miR-483-3p)
and promoter DNA methylation was observed in
metabolic genes [O-linked N-acetylglucosamine transferase (OGT), meningioma expressed antigen 5
(OGA), H19, imprinted maternally transcript (H19),
protein tyrosine phosphatase non-receptor type 1 (Ptpn1)] in sperm from trained and untrained sires.17
Notably, circulating miR-21 and miR-221 are controlled by exercise in humans.63,69,70,101 Thus, it is
possible that preconception paternal exercise influences embryogenesis and the developing zygote
through DNA methylation and miRNA regulation and
this, in turn, increases offspring susceptibility to the
metabolic consequences of high-fat diet in the absence
of exercise training in mice. The human implications
of these data are troubling, given the widespread consumption of calorie-dense food and rising popularity
of sedentarism throughout modern society. It will be
critical to confirm these findings and identify whether
exercise training could reverse the epigenetic programming and health consequences in F1 pups from a preconception paternal exercise ancestry. Despite the
questionable translatability of rodent data to human,
exercise-induced sperm epigenetic modifications are
beginning to be explored in men.
In the only published exercise study analysing the
human methylome in spermatozoa, 3 months of
intense aerobic exercise training was associated with
global DNA demethylation and specific differential
DNA methylation in genes responsible for regulating
the signalling milieus for health and performance
adaptations (e.g. MAPK signalling, PI3K–Akt signalling and insulin secretion).16 Of the paternally
imprinted genes differentially methylated after intense
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exercise training, many were implicated in debilitating
diseases, including cancers, Parkinson’s disease and
schizophrenia.16 Regarding cognitive function, paternal exercise is associated with superior spatial learning
and memory capacity in male pups with increased hippocampal Bdnf and reelin mRNA and protein expression.102 The data supporting the potential for paternal
exercise to confer intergenerational heritable changes
through epigenetic reprogramming are limited, and
more work is needed to confirm the phenotypes transmittable by paternal exercise, impacts of different
exercise modes and doses, epigenetic mechanisms and
the risk associated with other environmental insults
(e.g. high-fat diet, psychological stress) in context with
exercise training interventions in the offspring.

Maternal exercise and the inheritance of health and
disease risk
Compared to the paternal effects, the maternal influences of exercise on the inheritance of health and disease risk are more established. There are critical timepoints when maternal exercise reprogrammes the epigenetic landscape of the F0, F1 and F2 (Fig. 3). The
focus has been on F1 metabolic and psychological disorders following maternal gestational exercise, with or
without preconceptional exercise. The impacts of
maternal exercise, at least on the first generation and
in rodents, seem to elicit many of the known adaptations conferred by exercise training.
Maternal exercise during pregnancy has improved
cognition (memory and learning) and reduced stressful
behaviours (fear and anxiety), in first-generation rodent
offspring.103–107 These positive cognitive and behavioural adaptations observed in pups following maternal gestational exercise are associated with increased
brain Bdnf expression and neurogenesis,103,104,107,108
consistent with the elevated circulating BDNF observed
in humans after acute and long-term exercise training.109,110 These positive adaptations observed in pups
exposed to maternal gestational exercise also extend to
adulthood.107 The behavioural and cognitive adaptations observed in offspring from a maternal prenatal
(gestational) exercise – both forced swimming and voluntary wheel running – ancestries involved the adrenergic, serotonergic and N-methyl-D-aspartate pathways,
as young offspring learning and memory ability is
markedly reduced when the aforementioned pathways
are pharmacologically inhibited.106 Maternal exercise
could be a powerful therapeutic strategy used to prevent harmful psychological impacts of substance abuse.
For instance, pups from morphine-dependent, but
maternally exercised rats displayed decreased anxiety
and voluntary consumption of morphine compared to
their peers from morphine-dependent, sedentary
10
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mothers.111 Exercise elicits favourable outcomes on
drug addiction, such that it can suppress drug-seeking
behaviour, reduce cravings and prevent relapse in
humans.112,113 Similar findings suggest exercise as a
maternal therapeutic strategy to buffer the harmful
effects of psychological stress on the offspring,114
although exercise performed by the offspring from
stressed mothers may be the most effective treatment of
prenatal stress exposure.115 Supporting findings in
rodents, it was revealed that maternal exercise before
and during gestation was associated with improved academic performance in youth (6–18 years).116 Therefore, maternal exercise programmes neurobiological
pathways to promote resilience and cognitive performance, and the benefits of exercise for combatting substance abuse may extend to the progeny to prevent
serious psychiatric disorders.
The ability of exercise to restore or abolish the
harmful impacts of maternal environmental insults
experienced by the first generation, such as intrauterine growth restriction117,118 and high-fat diet,119–122
was also recently revealed. Human studies indicate
maternal gestational environment is linked to metabolic disease risk in the newborn.123,124 Whilst maternal gestational weight gain was associated with an
increased risk of offspring obesity at 8 years of age
(n = 5125), maternal self-reported physical activity
levels reduced the risk of infant obesity, assessed by
body mass index.123 Prenatal maternal exercise is also
associated with lower birth weight in newborns and
occurs with DNA methylation modifications. For
instance, infants from mothers who self-reported the
highest amounts of prenatal non-sedentary activities,
exhibited lower body weights and less methylation at
the pleiomorphic adenoma gene-like 1 (PLAGL1)
gene differentially methylated region (DMR) compared to infants from less-active mothers.125 Conversely, maternal gestational obesity is associated with
increased DNA methylation (3.9%) of the PLAGL1
gene was observed those newborns’ cord blood (buffy
coat), compared to newborns of mothers in a healthy
weight range,124 indicating maternal obesity could
aberrantly programme the offspring’s epigenome to
increase their susceptibility to obesity. A 3.9% does
not seem a large magnitude of change, but it could be
enough to elicit change of large biological significance.
Remarkably, this hypothesis is supported by rodent
experiments, as offspring from exercised (before and
during pregnancy) mothers possessed less adiposity
and circulating insulin, and improved glucose tolerance at 8 and 52 weeks of age.120 Offspring of dams
fed a high-fat diet showed increased insulin and adiposity, although maternal exercise abolished the harmful effects of gestational maternal obesity.120
Corroborating these findings, voluntary preconception
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and gestational maternal exercise prevented the highfat diet-induced glucose intolerance and DNA hypermethylation of the Pgc1a promoter region observed in
9-month-old female offspring.119 Thus, it is possible
that both paternal and maternal obesity contribute to
inheritance of metabolic syndrome in offspring and
that preconceptional and gestational maternal exercise
is an effective therapeutic strategy to prevent the dysfunctional epigenetic programming. Regarding maternal gestational exercise, it has been posited that whilst
moderate doses could benefit the offspring, higher
doses may lead to detrimental health consequences in
later life.126 It will be important to confirm this
hypothesis and determine the potential effects preconception paternal exercise has on epigenetic inheritance
of health and disease risk in human.
Sex differences are reported in some studies, such
that maternal exercise with a high-fat diet122 or exercise
(before, during pregnancy and 2 weeks of lactation)
alone127 selectively prevents metabolic dysfunction in
the male offspring, with much smaller or no effects in
female offspring in rodents. Increased fat mass has been
observed in male offspring from a maternal exercise
ancestry, but not in female rats.128 Differences were
also noted at the molecular level, such that maternal
exercise capable of preventing the harmful metabolic
dysfunction in offspring in conjunction with restored
gastrocnemius Glut4 and Myod1 mRNA expression in
males, but not female rodent offspring.122 An explanation for the observed sex differences is the sexual
dimorphic transcriptional profiles that occur in the placenta during gestational control and high-fat diet feeding in genes enriched for exercise signalling pathways
(Akt, Erk1/2, Mapk, Vegf),129 likely governed by
genetic variants. Such dimorphic transcriptional profiles
occur in placentas from dams fed high-fat or control
diets and leads to modified risk of non-communicable
diseases in the offspring, whereas preconceptional and
gestational maternal exercise alone may not influence
offspring metabolic disease risk factors (body composition and weight, and blood lipids), nor their propensity
for voluntary exercise or food consumption.119,130,131
These are important findings for the consideration of
future human studies. However, maternal perinatal
exercise was effective at decreasing offspring body
weight, fat mass and glucose intolerance compared to
their peers from sedentary dams120,122 and increasing
skeletal muscle Pgc1a expression at post-natal day
19.122 Although mammary tumorigenesis132 and the
risk of age-related congenital heart disease133 is reduced
in the offspring from exercised dams, epigenetic modifications and regulating enzymes were not measured in
these studies. Interestingly, the human foetus’s heart
may be responsive to maternal exercise, as maternal
physical activity is positively correlated to foetal heart
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rate and duration of activity was negatively correlated
with foetal heart rate variability.134 Given the marked
impact of exercise on the heart transcriptome and
miRNome,135–137 it is possible that epigenetic reprogramming is responsible for the reduced risk of offspring congenital heart disease risk133 and other
cardiovascular outcomes.
Some equivocal findings are potentially explained
by the use of different rodent species and strains, timing of maternal exercise intervention (before and/or
throughout gestation), potential instances of type 1
and 2 error.138,139 The inclusion of biological and
technical replicates and validation experiments are
warranted in future studies. Few studies have included
an analysis of epigenetic modifications that will be
necessary to ascertain epigenetic heritable effects.
Addressing these considerations in future investigations will help isolate and provide insight on the epigenetic influence, and limit the genetic effects. Human
studies will be required to verify the maternal and
paternal exercise contributions to the inheritance of
health and disease risk elicited by exercise and underpinning epigenetic mechanisms. Regardless, most findings support both maternal and paternal exercise as a
therapeutic strategy to combat epigenetic inheritance
of disease in the subsequent generation.

Epigenetic mechanisms for exercise-induced
inheritance of health and disease risk
There are many molecular mechanisms and time-points
(Fig. 4) at which exercise could reprogramme the epigenetic landscape of germ cells, primordial germ cells and
the embryo to initiate exercise-induced intergenerational and transgenerational inheritance of health and
disease risk. To date, there is no published evidence of
transgenerational epigenetic inheritance elicited by
exercise training. Whilst speculative, preconceptional
and gestational exercise training could elicit transgenerational epigenetic adaptations in the offspring that
enhance the capacity to respond to exercise training
_ 2max, blood pressure and insulin sensitivity).
(e.g. VO
This, in turn, could prevent disease by attenuating the
harmful effects of environmental insults including high
caloric intake or psychological distress, and ultimately
improve health span across multiple generations. The
next section discusses possible mechanisms of inheritance of health and disease risk with consideration on
critical time-points: preconception, embryogenesis and
primordial germ cells maturation.

Germ line DNA methylation
Although mature germ cells (spermatozoa and oocyte)
epigenomes are determined prenatally, they are not
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completely inert. DNMT, HDAC/HAT, TET enzymes
are highly expressed in mammalian sperm140–142 and
oocytes,143–145 which raises the question of whether
or not exercise regulates the activity of epigenetic
modifying enzymes of germ cells. Whilst mammalian
oocytes are halted at the germinal vesicles until ovulation,143 spermatogonia undergo mitosis to produce
primary spermatocytes, which mature into spermatids
through meiosis and then mature sperm (spermatozoa). DNMT1 is involved in DNA methylation maintenance and preferentially targets hemimethylated
CpG sites.146 As such, a decrease in DNMT1 activity
could result in passive sperm DNA demethylation during replication. Progressive Dnmt3a and Dnmt3ldependent methylation of mammalian oocytes occurs
during maturation.147 Both sperm and oocyte methylomes could be demethylated actively by TET enzymemediated oxidation (hydroxymethylation, carboxylation, etc.). The production of reactive oxygen species,
generated from the mitochondrial electron transport
chain, is significantly increased during exercise148 and
could promote TET-mediated hydroxymethylation of
cells, including somatic cells, gametes and primordial
germ cells. The latter two could influence fertilization,
germ cell epigenetic modifications and underpin inheritance of health and disease risk via exercise.
DNMT3A or 3B enzymes cause de novo methylation
changes and are regulated by exercise,11,58,81 through
energy sensing proteins (AMPK, HIF1A and NAD+)
and metabolites (2-oxoglutarate, 2-hydroxyglutarate,
succinate, fumarate, b-hydroxybutyrate) altered by
exercise.149
Whilst germ cell epigenome reprogramming through
exercise-induced regulation of epigenetic enzymes
seems plausible, an issue is that during early embryogenesis, the DNA methylomes of gametes, the zygote
and primordial germ cells undergo widespread DNA
methylation erasure. This is achieved by TETmediated oxidation of 5-methylcytosine to 5-hydroxymethylcytosine150 or 5-formylcytosine151 before subsequent removal by base excision repair, through
DNMT enzyme impairment.152,153 The purpose of the
global DNA erasure is to promote a totipotent epigenome for the developing embryo. Between 59 and
137 days of development, the human prenatal primordial germ cells undergo de novo methylation modifications or undergo progressive demethylation in males
and females respectively.154 At this stage, any paternal
epigenetic programming on the developing embryo is
prevented, although physical interactions could cause
indirect in utero consequences. Maternal exercise,
however, during embryogenesis could programme the
epigenomes of the offspring and their primordial germ
cells to promote intergenerational and transgenerational epigenetic inheritance of health and disease risk.
12
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However, some developmental, somatic and imprinted
genes escape the global DNA erasure.19 Of the human
primordial germ cell CpG sites that escape DNA
methylation erasure at week 7–9 of development,
many are within promoters, bodies and enhancers of
genes involved in neural development and debilitating
diseases (e.g. obesity, multiple sclerosis and
schizophrenia).155 For a specific discussion on exercise
epigenetics and genomic imprinting, the reader is
directed elsewhere.5 Therefore, global DNA methylation erasure gene escapees offer candidate loci
involved in inheritance of health and disease risk
through environmental factors, including exercise.

Germ cell histone and protamine modifications
Histone modifications should also be considered as
heritable programmers of health and disease risk.
Oocyte histone modifications (methylation and acetylation) are crucial for their maturation and allow for
the proper segregation of chromosomes during meiosis.156,157 Sperm histones are replaced with protamines
upon maturation and again with oocyte nucleosomes
during gamete fusion.158 During the first phase of
embryogenesis, approx. 31 and 8% of genes are
expressed and possess H3K4me2 and H3K27me3
respectively.158 Of note, oocytes at the germinal vesicle and MII phases are vulnerable to harmful effects
of environmental factors, particularly ageing. For
example, aberrant histone modifications in old oocytes
that arise at the germinal vesicle phase, such that a
large percentage lack H3K9me3, H3K36me2,
H3K79me2 and H4K20me2.159 Oocytes and preimplantation embryos exhibit lower global DNA
methylation at MII phase, 2-, 4- and 8-cell, morula
and blastocyst stages in aged 35- to 40-week-old compared to 6- to 8-week-old mice, which is associated
with a greater frequency of stillbirths and foetal malformations.160 A gene microarray analysis revealed
530 differentially expressed genes between old and
young oocytes including reduced expression of Dnmt
enzymes (Dnmt1o, Dnmt1s, Dnmt3a, Dnmt3l),
Hdac2 and genes enriched for oxidative stress and
mitochondrial function.161 A single bout of exercise
and long-term training regulates a host of metabolic
genes,162–164 and these are additional candidates for
epigenetic inheritance and should be assessed in germ
cells. Maternal obesity is not only linked to lower
oocytes but DNA methylation is altered in metabolic
genes (Lep and Ppara).165 The aberrant DNA methylation profiles are transmitted to the oocytes of female
offspring and caused liver mRNA expression
changes.165 Consistent with rodent data, human epidemiology studies support the concept that maternal
and paternal obesity as a harmful environmental insult
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that are associated with modified cord blood methylation levels in PLAGL1, MEG4 (maternal obesity) and
MEST, PEG3 and NNAT (paternal obesity).124
Spermatids house five histone proteins – H2AX,
H2A, H2B (testes-specific), H3 and H4 – and a linker
protein – H1 – that collectively form a nucleosome
vulnerable to post-translational epigenetic modifications (e.g. methylation, acetylation, ubiquitination and
phosphorylation). Unlike oocytes, in sperm these histone proteins are disassembled and replaced by two
protamine variants, PRM1 and PRM2, when the
nucleus is elongated and compacted during the maturation of spermatids to spermatozoa.166 Despite this,
approx. 4% of the sperm genome retains nucleosomes
with histone H3K9me and H3K27me3 and lie in
developmental promoters (HOX genes), imprinted
genes (IGF2, MEST, HOTAIR) and non-coding RNA
(XIST, TSIX, LET7E, MIR10a, MIR15a, MIR17,
MIR96, MIR135b, MIR153, MIR488, MIR760)
loci.167 The retained nucleosomes possess H3K27me3
around transcription start sites in sperm and decreased
gene expression in the early embryo158. Moreover,
sperm protamines are capable of epigenetic modifications, such as lysine acetylation and methylation.168
Given the pronounced effects of exercise on some of
the mature forms of the aforementioned miRNAs
(miR-15a,169 miR-17,170 let-7e169,171 and miR-96170)
and the correlation between histone modifications at
retained sperm nucleosomes and embryonic gene
expression, post-translational modifications are also
potential mechanisms for epigenetic inheritance of
health and disease risk through exercise.

Germ cell non-coding RNAs
Non-coding RNAs orchestrate the inheritance of health
and disease risk. Both psychological stress and high-fat
diet (obesity) perturb sperm non-coding RNAs that
results in disorders in the subsequent progeny. When
nine sperm-linked miRNAs – miR-29c, miR-30a, miR30c, miR-32, miR-193-5p, miR-204, miR-375,
miR-532-3p and miR-698 – that were previously upregulated in psychologically stressed sires were microinjected into a developing zygote, a reduction in the
abundance of maternal mRNAs was observed.172 Likewise, when total sperm RNA from high-fat diet-fed
mice with metabolic syndrome were injected into
zygotes from healthy weight dams, the male offspring
presented with symptoms of metabolic dysfunction.173
Sperm RNAs 30–40 nucleotides long (predominantly
transfer RNA-derived small RNAs [tsRNA]) caused
metabolic syndrome in the male offspring of high-fat
diet-fed sires and regulated the expression of 62 genes
enriched for oxidative stress, glucose input and apoptosis pathways in the eight-cell embryo.173 Remarkably,
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an obesity legacy is transmitted F0 through to F1 and
F2 via sperm non-coding RNAs, but the metabolic dysfunction is largely attenuated in the F3s, indicating a
transgenerational effect that is diluted after the F2.174
These are the most compelling evidence linking sperm
non-coding RNAs to environmental inheritance of disorders. In line with rodent data, human sperm small
non-coding RNAs and DNA methylation patterns are
deregulated by obesity and are significantly affected
after 8 weeks of gastric-bypass surgery,100 suggesting
the paternal gametes are vulnerable to epigenetic programming caused by environmental insults and that
they may be heritable in humans. Additionally, those
already studied, mainly miRNAs and other non-coding
RNAs – long, piRNAs, snRNA, snoRNA, tRNA,
rRNA, etc. – should be analysed in context with transmission of health and performance adaptations conferred by exercise. Whether sperm miRNAs involved in
epigenetic inheritance of traits are transcribed from the
sperm genome, sperm mitochondrial genome or are
exogenously expressed and imported from semen,
oocytes or other organs via the circulation, or a combination, is relatively unknown. Sperm non-coding
RNAs, as opposed to those found in semen, promote
inheritance of metabolic disease,173 yet those isolated
from semen could also likely influence embryogenesis
and deserves attention in future investigations.

Conclusion
Exercise is a lifestyle factor capable of reprogramming
the epigenetic landscape of numerous tissues and these
modifications may be responsible for orchestrating
many of the well-established health and performance
adaptations (e.g. improved cardiorespiratory fitness,
mitochondrial content, insulin sensitivity and LVH).
Current data indicate both maternal and paternal
exercise may serve as effective therapeutic strategies to
counteract the harmful, transmittable epigenetic
impacts of cardio-metabolic diseases and could lead to
improved metabolic health – reduced body weight,
adiposity and glucose control – and cognitive functioning in the subsequent generation.18,103,107,120,122
There are, however, inconsistencies regarding when
offspring experience the aforementioned adaptations
and sex differences, which will need addressing in
future work. Data on transgenerational inheritance
are lacking, and the underlying molecular mechanisms
of exercise-induced intergenerational inheritance of
health and disease risk are sparse. The translatability
of rodent epigenetic inheritance of health and disease
risk by exercise should be examined in future work. If
exercise regulates the epigenome of human germ cells
(DNA methylation, histone modifications and noncoding RNAs) the premise of epigenetic inheritance of

© 2017 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12881

13

Exercise and epigenetic inheritance

· J Denham

health and disease risk by exercise training cannot be
ignored. To establish the link between exercise and
epigenetic inheritance for health and disease prevention, it will be essential to elucidate the impact of different modes and doses – intensity, frequency and
duration – of exercise, relative paternal and maternal
contributions of heritable traits, analysed at different
time-points (Fig. 4), and to isolate epigenetic from
genetic heritable effects. Such studies could establish
an extraordinary role for maternal and paternal exercise training to promote exercise-induced adaptations
and encourage the prevention age-related chronic disease in future generations. They may also emphasize
the need for tailored maternal and paternal preconceptional and gestational exercise programmes to combat
the expanding burden of lifestyle-related chronic diseases plaguing our current society.
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