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Abstract

Parental health or exposures can affect the lifetime health outcomes of offspring, 

independently of inherited genotypes. Such ‘epigenetic’ effects occur over a broad 

range of environmental stressors, including defects in parental metabolism. Although 

maternal metabolic effects are well documented, it has only recently been established 

that that there is also an independent paternal contribution to long-term metabolic 

health. Both paternal undernutrition and overnutrition can induce metabolic phenotypes 

in immediate offspring, and in some cases, the induced phenotype can affect multiple 

generations, implying inheritance of an acquired trait. The male lineage transmission 

of metabolic disease risk in these cases implicates a heritable factor carried by sperm. 

Sperm-based transmission provides a tractable system to interrogate heritable epigenetic 

factors influencing metabolism, and as detailed here, animal models of paternal 

programming have already provided some significant insights. Here, we review the 

evidence for paternal programming of metabolism in humans and animal models, and 

the available evidence on potential underlying mechanisms. Programming by paternal 

metabolism can be observed in multiple species across animal phyla, suggesting that this 

phenomenon may have a unique evolutionary significance.

Introduction

Several decades on from the pioneering work of 
David Barker in the 1980s and 1990s (reviewed in 
Hanson 2015), it is now universally accepted that 
the environment encountered in early life can have 
enduring consequences for disease risk in adulthood. 
Once termed the developmental origins of health and 
disease (DOHaD) hypothesis, the idea has grown to 
encompass the full gamut of parental ‘programming’: 
defined here as the phenomenon whereby parental 
factors other than genetic elements can determine 
offspring traits. The DOHaD field has grown into a major 
biomedical research effort with promise for advancing 
evidence-based preventative health strategies (reviewed 
in Heindel et al. 2015).

The DOHaD paradigm has traditionally focused 
heavily on maternal factors, as the experiences of a 
pregnant mother are often necessarily the experiences 
of her developing fetus. The maternal stressors reported 
to influence long-term offspring health are remarkably 
broad (Barouki  et  al. 2012), but imbalanced nutrition is 
by far the most intensively studied (reviewed in Tarry-
Adkins & Ozanne 2016). Although initial epidemiological 
observations precipitating the DOHaD idea were derived 
from studies of maternal undernutrition (Barker & 
Osmond 1986, Barker et al. 1989), it is overnutrition that 
is most pertinent in current times. Global obesity rates 
have grown steadily over the last four decades, and weight 
increases in the reproductive ages are prominent, even in 
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low-middle income countries (Mamun & Finlay 2015). 
In many Western countries, the rates of overweight and 
obesity in the reproductive age are currently as high as two-
thirds of the population (Flegal et al. 2010). An increasing 
number of children are thus being born to obese parents, 
and available evidence indicates that these children are 
programmed with an increased risk of metabolic disease.

Although the contribution of fathers to metabolic 
programming has until recently been largely ignored, the 
weight of evidence now supports an independent and non-
genetic paternal influence over offspring health. Our early 
understanding of paternal effects was largely limited to 
species that display paternal care: paternal behaviors such 
as protection, feeding and co-residency increase offspring 
fitness and survival across multiple species, from beetles 
(Eggert et al. 1998) to baboons (Buchan et al. 2003). It is 
now clear however that a father’s influence over offspring 
development and fitness can be independent of any direct 
interaction with offspring (Crean & Bonduriansky 2014).

Like maternal effects, paternal programming has been 
observed in many species, across a range of stressors that 
induce a variety of offspring phenotypes (reviewed in 
Rando 2012). For example, in rodents, paternal alcohol 
consumption affects offspring litter sizes and birthweight 
(Abel 2004); paternal psychosocial stress reduces offspring 
HPA stress axis responsivity (Rodgers et al. 2013); paternal 
odorant-induced fear induces a fear response and neural 
changes in odor-naïve offspring (Dias & Ressler 2014); 
paternal heroin exposure induces anxious behavior in 
offspring (Farah Naquiah  et  al. 2016) and paternal fat 
consumption leads to modified breast cancer risk in 
daughters (Fontelles et al. 2016). The catalog of paternally 
programmed phenotypes is fast growing, and the most 
numerous examples are those that involve programming 
of offspring metabolism. The purpose of this review is to 
outline the evidence for paternal programming effects, in 
particular, those that result in metabolic disturbance in 
the offspring and to evaluate the potential mechanisms 
that may underlie the phenomenon.

Epidemiological observations implicate 
fathers in children’s long-term metabolic 
health

The first reports of paternal metabolic programming 
effects came from epidemiological studies, and there is 
by now a reasonable body of evidence in support of male 
line metabolic programming effects in humans. These 
studies have revealed the complex nature of paternal 
programming, highlighting deterministic factors, such as 

the timing of exposure and gender lineage, that produce 
specific responses in the progeny.

The best-known epidemiological evidence for 
male line metabolic effects comes from the ‘Överkalix’ 
studies, which link lifespan and disease risk to nutrition 
in paternal ancestors. These studies are notable not only 
for identifying paternal programming across multiple 
generations but also because the nutritional stressor was 
experienced well before reproductive age. Överkalix is a 
small, geographically isolated pastoral parish of northeast 
Sweden, which faced severe fluctuations in food supply 
during the 19th century due to inconsistent crop yields. 
Good historical records allowed the nutritional status 
of individuals living during this time to be extrapolated 
from records of harvest yields and grain prices. Bygren 
and coworkers and later Pembrey and coworkers used 
these records to find that the lifespans of individuals 
born in Överkalix between 1890 and 1920 were inversely 
correlated with the nutritional status of their paternal 
grandparents (Bygren  et  al. 2001, Pembrey  et  al. 2006).  
A reduced lifespan was associated with excess food supply 
in grandparents during their pre-teen slow growth period 
(SGP) (age 9–12  years), whereas, conversely, extended 
survival was associated with poor food availability in 
the grandfathers’ SGP (Bygren et al. 2001, Pembrey et al. 
2006). This effect was both significant and large, with 
the average lifespan difference between the two extremes 
of grandchildren being ~32  years (Bygren  et  al. 2001). A 
follow-up study showed that the differences in lifespan 
had at least in part a cardiometabolic basis: grandpaternal 
overnutrition during the SGP increased diabetes-related 
mortality, and conversely, poor SGP nutrition protected 
the offspring from cardiovascular disease (Kaati et al. 2002).

Other epidemiological studies indicate that paternal 
metabolic health at reproductive age affects metabolic 
health in children. One very large study used data 
from more than 230,000 individuals in the UK Biobank 
(Tyrrell  et  al. 2013), finding that paternal diabetes at 
conception predicts the risk of diabetes in offspring, and 
further, that birthweight at least partly mediates this 
association; low birthweight is in and of itself an established 
predictor of type 2 diabetes in later life (Whincup et al. 
2008). Studies of the Guangzhou birth cohort of China 
found that paternal BMI positively correlated with fetal 
growth in males, as well as with cortisol levels in newborns 
(Chen  et  al. 2012). A longitudinal study of BMI in a 
different cohort, the British Birth Cohort Study, suggests 
that such associations may persist: in this cohort, paternal 
BMI correlated with childhood BMI at age 11, and also 
at 45  years (Cooper  et  al. 2010). Another longitudinal 
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study found that increased paternal body fat was a strong 
predictor of long-term body fat changes in prepubertal 
daughters, independent of maternal body fat and the girls’ 
own energy expenditure (Figueroa-Colon et al. 2000).

Metabolic consequences may arise from factors 
other than nutrition: in the British ALSPAC cohort, 
fathers who started smoking at an early age had 
prepubertal sons with a higher BMI (Pembrey  et  al. 
2006). Paternal age has been found to increase the risk 
of obesity in young adult sons (Eriksen et al. 2013), and, 
independently, to have deleterious effects on children’s 
plasma lipid profiles, glucose homeostasis and serum 
Igf2 levels (Savage et al. 2014).

Although epidemiological studies have provided 
evidence consistent with an independent and direct 
paternal programming of offspring health, it is not 
possible in human studies to rule out the contributions 
of genetic variants or lifestyle and social factors or 
inaccuracies arising from retrospective assessments of 
ancestral condition or participants’ self-reports (Vickers 
2014). For these reasons, the most robust evidence for 
paternal metabolic programming comes from studies in 
laboratory animals, where genetic and environmental 
variation can be tightly controlled.

Model animal systems of paternal 
programming of offspring metabolism

Two high-profile reports published in 2010 brought 
widespread attention to the contribution of a father to his 
offsprings’ metabolism, by assessing the intergenerational 
effects of dietary stress in male rodents. In the first report, 
a high-fat diet (HFD) was used to approximate obesity 
in male rats: the female offspring exhibited impaired 
glucose handling and insulin sensitivity and a reduction 
in pancreatic large islets and β-cells (Ng et al. 2010). In the 
second report, male mice were exposed to a low-protein, 
high-sugar diet from weaning to sexual maturation, 
and their offspring exhibited a dramatic rise in hepatic 
expression of genes involved in lipid and cholesterol 
biosynthesis, along with the dysregulation of many classes 
of liver lipids (Carone et al. 2010).

But evidence for paternal programming of metabolism 
existed well before this. Probably the very earliest 
documentation of parental metabolic programming in 
animal models comes from studies of offspring of animals 
with chemically induced diabetes. In 1965, Okamoto 
reported that rats or rabbits subjected to drug-induced 
diabetes give rise to progeny that develop sporadic 
diabetes, for up to five generations after the diabetogenic 

drug exposure (Okamoto 1965). Ensuing studies in 
Sprague–Dawley rats demonstrated that males were 
equally as capable as females of transmitting such effects: 
injection of sires with a single subdiabetogenic dose of 
the chemical alloxan induced glucose intolerance in three 
succeeding generations of offspring (Spergel et al. 1971). 
Despite the passage of time since these observations, 
little is known about the precise mechanisms involved, 
but early speculations that the non-Mendelian pattern 
of transmission was unlikely to reflect a purely genetic 
mechanism (Goldner & Spergel 1972) now appear 
prescient.

There are by now a multitude of studies showing 
that adult male rodents exposed to nutritional stress can 
program metabolic symptoms in offspring. As has been 
seen in maternal programming models, the opposing 
stressors of overnutrition and undernutrition can each 
produce metabolically compromised offspring. Aside 
from the reports already mentioned, paternal metabolic 
programming has been demonstrated using HFD-
induced obesity (Fullston  et  al. 2013, Wei  et  al. 2014), 
genetic obesity (Cropley  et  al. 2016), caloric restriction 
(Anderson et al. 2006) and protein restriction (Watkins & 
Sinclair 2014).

As suggested by epidemiological data, paternal 
programming can occur even if the nutritional stressor 
was encountered long before reproductive age. For 
example, male mice exposed to a HFD solely in utero, 
with a normal postnatal diet, can still program decreased 
insulin sensitivity in their offspring (Dunn & Bale 2009). 
Similarly, undernutrition of male mice during gestation 
(via maternal caloric restriction) leads to low birthweight 
not only in those males but also in their progeny (Jimenez-
Chillaron et al. 2009). The progeny also exhibit defective 
glucose tolerance linked to impaired β-cell function, as 
well as defects in liver lipid metabolism (Martinez et al. 
2014). These results imply that a memory of the nutritional 
insult is carried by the male until reproductive age (Fig. 1).

Inheritance of paternally programmed 
effects

Transmission of the memory of a prior exposure to progeny 
prompts the question of how long such a memory might 
persist: can paternal exposures affect the metabolism 
of grandchildren or even great-grandchildren? The 
Överkalix studies suggest that the effects of exposures 
can persist for at least two generations, and in animal 
models, several studies show paternal programming 
across multiple generations. HFD-induced obesity in 
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male mice can propagate obesogenic and diabetogenic 
phenotypes through F1 and into (with incomplete 
penetrance) F2 offspring (Fullston et al. 2013). More robust 
multigenerational programming by paternal HFD has also 
recently been reported in rats, where two generations of 
offspring had reduced birthweight and impaired glucose 
tolerance; interestingly, the female F1 and F2 offspring  
of HFD sires were also resistant to diet-induced obesity 
(de Castro Barbosa  et  al. 2016). Mice that program 
impaired glucose tolerance and insulin sensitivity in their 

offspring after low-dose streptozotocin treatment appear 
to program in turn the same prediabetic phenotype in a 
succeeding generation of males (Wei et al. 2014). In these 
studies, it is likely that the affected F2 have themselves 
been subject to paternal programming by the affected F1 
(i.e. serial programming); it is not possible to distinguish 
whether they are also displaying an inherited memory of 
ancestral exposure (Fig. 2).

A recent study from our own laboratory indicates that 
inheritance of paternally programmed metabolic effects 
does indeed occur (Cropley  et  al. 2016). Using a mouse 
model of natural-onset obesity, we found that paternal 
obesity and prediabetes induce a latent predisposition 
to hepatic insulin resistance in male offspring, which is 
unmasked when they are challenged with a Western-style 
diet. We exploited this latency to investigate inheritance. 
By breeding control-fed, metabolically normal F1 males, we 
found transmission of the metabolic phenotype to F2 with 
complete penetrance, indicating that the programmed 
phenotype was truly inherited from the grandfather.

That the legacy of a father’s nutritional exposures can 
be transmitted not only to immediate offspring but also 
to subsequent generations has significant implications 
for public health over the long term. It also prompts the 
obvious question of mechanism. Although behavioral 
or social factors, or transfer of commensal microbiota, 
are all potential mediators, many of the animal models 
described here have employed study designs that preclude 
such mechanisms (e.g. males are removed from the dam 
after mating or conception is achieved in vitro). Paternal 
programming and its inheritance thus appear epigenetic, 
and the male lineage transmission observed in these 

In utero exposure

Juvenile exposure

Adult exposure

Affected offspring

Figure 1
Paternal programming can result from environmental stressors experienced 
at various life stages in males. Nutritional stress experienced (top) in utero 
via altered maternal diet, (middle) pre-adolescence and (bottom) at 
reproductive age, have all been shown to propagate paternal effects to 
offspring. Developing germ cells (red) may be affected by in utero or 
prepubescent exposures and carry a memory of these exposures into 
adulthood (red arrows); alternatively, mature germ cells may be affected 
by the altered physiology of the exposed male in adulthood (black arrows).

Figure 2
Propagation of paternal effects to subsequent 
generations. If the induced phenotype in F1 is 
similar or the same as the inducing stressor, the F1 
phenotype can in turn program F2 phenotype: 
this process is known as ‘serial programming’ 
(left). This cycle could theoretically continue to 
propagate programming throughout many 
generations, but in practice, the number of 
affected generations probably depends upon the 
strength of the induced phenotype. Epigenetic 
inheritance (right) is independent of the induced 
phenotype as the programmed phenotype is 
inherited via the germ line; it allows for 
propagation of latent phenotypes or phenotypes 
that are dissimilar to the inducing stressor. 
Epigenetic inheritance and serial programming 
are difficult to distinguish, and probably occur 
together in many cases.

Serial programming Epigenetic inheritance

F0

F1

F2

F1 adult
?
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models thus implies that some factor in the sperm (other 
than the DNA sequence) is capable of transmitting 
information about paternal health to the next generation.

More than the sum of his DNA: candidate 
mechanisms for paternal metabolic 
programming

Heritable information has long been accepted to be 
carried by chromosomes, and the discovery of DNA in 
chromosomes led to the paradigm that all heredity stems 
from the stable transmission of DNA sequence through 
the germline. However, chromosomes contain material 
that is distinct from DNA yet transmitted with it, and thus 
has the potential to carry heritable information alongside 
the DNA. This material, the ‘epigenome’, is a complex 
assortment of proteins and chemical modifications that 
are associated with DNA and control its transcription. The 
molecular components of the mammalian epigenome 
include cytosine (DNA) methylation, histones and their 
modifications and the proteins that are recruited by 
histone modifications. The epigenome also comprises 
soluble factors, such as regulatory RNAs (Mercer & Mattick 
2013) that can determine or influence the action of other 
epigenetic modifications; this may be particularly relevant 
to mammalian sperm with their enormously complex 
assortment of non-coding RNA cargo (Schuster et al. 2016).

Alteration to the sperm epigenome is an intuitive 
candidate mechanism by which paternal programming 
might be mediated. By necessity, the epigenome is 
interposed between the genome and the environment, as 
it mediates the function of the genetic code: epigenetic 
modifications allow a single invariant genome to create 
many different phenotypes by responding to environmental 
cues (be they intrinsic or extrinsic). Although somatic 
epigenetic states are generally stable, germline epigenetic 
states are generally unstable, so may be more susceptible to 
environmental influence. If a change in the environmental 
conditions of developing or maturing sperm perturbs 
the sperm epigenome, this could lead to transmission of, 
or establishment of, variant epigenetic states in the next 
generation. The epigenome may thus provide a useful 
mechanism of phenotypic response to environmental 
stressors, that can readily be reversed when such stressors 
revert or change (Skinner 2011, Cropley et al. 2012).

There is now considerable evidence that 
environmental perturbations can be associated with 
altered epigenetic marks in sperm. Here, we summarize 
the current evidence implicating each of the main types of 
epigenetic molecules – cytosine methylation, chromatin 

proteins and regulatory RNAs – in paternal metabolic 
programming.

Cytosine methylation

DNA methylation is the best-characterized epigenetic 
modification. It is an intuitive candidate for transmissible 
epigenetic modification as it is stable, known to be 
heritable through cell division and is also retained during 
sperm maturation, when other epigenetic marks are 
largely removed.

Reports of changes to DNA methylation in somatic 
tissues of paternally programmed offspring are numerous, 
perhaps at least partly because DNA methylation is easy to 
assess experimentally. However, the biological significance 
of these changes can be difficult to interpret, as changes 
are often widespread throughout the genome, small in 
magnitude and affect a variety of genes; genes potentially 
relevant to the induced phenotype are generally present, 
if not prominent. For example, in mice, the livers of 
offspring of protein-restricted sires exhibit methylation 
changes at hundreds of loci, including within regulatory 
regions of Pparα, an important regulator of liver lipid 
metabolism (Carone  et  al. 2010). In humans, umbilical 
cord blood from neonates born to obese fathers harbors 
small methylation changes at imprinted genes implicated 
in fetal growth (Soubry et al. 2015).

Studies that have examined methylation in sperm of 
metabolically compromised founding sires (Martinez et al. 
2014, Radford  et  al. 2014, Wei  et  al. 2014, de Castro 
Barbosa  et  al. 2016) have found similarly widespread, 
modest changes to DNA methylation patterns. Several 
studies have assessed methylation defects in both 
sperm of the founding sires and somatic tissue from the 
offspring. Some of these report no overlap (Carone et al. 
2010, de Castro Barbosa et al. 2016), whereas others report 
commonalities of very modest changes (Martinez  et  al. 
2014, Wei et al. 2014). But DNA methylation changes that 
are small in magnitude are necessarily mosaic. Thus, in 
haploid sperm, mosaic methylation changes occur only in 
the respective proportion of sperm, which is incompatible 
with methylation underlying the very high penetrance 
of programming that is generally observed (Rando & 
Simmons 2015). Further, recent findings indicate that diet 
has little effect on broad methylation patterns in sperm, 
with the vast majority of methylation variation being 
due to genetic or sporadic variation (Shea et  al. 2015).  
Taken together with the fact that most functional genomic 
elements are extensively demethylated after fertilization 
(Wang et al. 2014), it seems unlikely that aberrations in 
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cytosine methylation patterns are responsible for the 
transmission of programming from father to child.

It is possible however that methylation changes 
are a surrogate marker of alterations in epigenetic state 
mediated by another heritable molecular factor. This 
scenario would still allow a role for cytosine methylation 
changes in the development of metabolic phenotypes in 
offspring. Methylation biomarkers could identify both 
exposed individuals who may pass on disease risk and 
‘at-risk’ programmed individuals. Further study into the 
informative power of such biomarkers may also prove to 
be valuable in further understanding mechanism when 
combined with other approaches.

Chromatin alterations

Epigenetic gene regulation fundamentally involves 
changes in chromatin structure: chromatin modifications 
are the only epigenetic modifications both necessary 
and sufficient for defining epigenetic states. But whether 
chromatin states can be carried through the germline 
is unclear. A major conceptual hurdle to this idea has 
been that the composition of chromatin in sperm is 
very different from that in the soma. In somatic cells, 
chromatin structure is associated with post-translational 
modifications to histones, which recruit proteins 
that define either an open or compacted chromatin 
configuration. But in sperm, chromatin is universally 
heavily compacted, and this is facilitated by the 
replacement of nucleosomes with smaller, heavily alkaline 
protamines. However, some nucleosomes are retained 
at promoters of developmentally important genes, and 
these nucleosomes contain post-translationally modified 
histones. It was recently shown using Xenopus that 
these retained histone modifications are important for 
regulating proper gene expression in the early embryo 
(Teperek et al. 2016).

Evidence for the involvement of chromatin 
alterations in paternal programming is very limited 
but compelling. Metabolic programming of Drosophila 
offspring by high-sugar feeding of fathers is dependent 
upon the histone methyltransferase Su(var)3-9 and 
polycomb chromatin modifiers in both offspring and 
fathers themselves, and genes regulated by these modifiers 
exhibit altered expression in the paternal germline 
(Ost et al. 2014). Studies in vertebrate systems are lacking, 
and the potential involvement of heritable chromatin 
alterations in paternal programming in mammals 
remains an open question. Regardless of the heritability 
of chromatin states, the mechanisms that establish  

them in the germline and early embryo are not clearly 
defined; however, these mechanisms almost certainly 
involve the actions of non-coding RNA.

Small non-coding RNA

Sperm from most species are largely devoid of abundant 
ribosomal RNAs, but carry a rich payload of other RNAs, 
in particular small non-coding RNAs (sncRNA). sncRNA 
are regulatory RNAs that regulate the output of the 
genome in a number of ways, affecting transcription, 
splicing, translation and RNA modifications (Ghildiyal & 
Zamore 2009, Morris & Mattick 2014). The mammalian 
germline expresses microRNA, piwi-interacting RNA and 
endogenous small interfering RNA among others; many of 
these sncRNAs appear essential for germ cell development 
and germline integrity (Banisch et al. 2012).

Given sperm are transcriptionally inert, it was long 
thought that RNA present in sperm was merely residual, 
but it is now clear that sperm acquire their unique and 
complex cargo of sncRNAs after they leave the testes. 
Maturing sperm undergo an extensive reorganization of 
sncRNA content in the epididymal tract, epitomized by 
both gain and loss of hundreds of miRNAs (Nixon et al. 
2015). This RNA remodeling probably occurs via 
interaction with RNA-rich extracellular vesicles shed 
from the epididymal epithelium (epididymosomes) 
(Belleannee  et  al. 2013, Reilly  et  al. 2016, Sharma  et  al. 
2016). Epididymosome-mediated transfer of sncRNA to 
maturing sperm provides a way in which somatic cells 
might pass a signal of environmental exposures to the 
germline and potentially to offspring (Eaton et al. 2015). 
Available evidence indicates that sperm RNA is delivered 
to the oocyte along with the DNA (Ostermeier et al. 2004), 
and work in the model worm C. elegans indicates that 
sperm-derived RNA accounts for a substantial proportion 
of the total RNA pool in the zygote (Stoeckius et al. 2014).

Invertebrate systems provide strong evidence for the 
involvement of sncRNA in transgenerational epigenetic 
inheritance, including in the inheritance of induced traits 
(Ashe  et  al. 2012, Buckley  et  al. 2012, Grentzinger  et  al. 
2012, Rechavi et al. 2014). But sncRNAs are known to be 
pervasive in epigenetic regulation in invertebrates, whereas 
their role in mammalian epigenetics, particularly in the 
embryo, is less clear. Despite this uncertainty, multiple 
studies have implicated sncRNA in paternal programming 
effects, and these examples are not restricted to metabolism, 
suggesting a pervasive role for RNA in mediating paternal 
effects. Changes to sperm sncRNA composition have been 
reported in a range of induced traits (Wagner et al. 2008, 
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Gapp et al. 2014, Rodgers et al. 2015), including paternal 
metabolic compromise (Chen  et  al. 2016, Cropley  et  al. 
2016, de Castro Barbosa et al. 2016, Sharma et al. 2016).

Like studies of DNA methylation in paternal 
metabolic programming, studies of the well-characterized 
microRNAs have yielded results idiosyncratic to the 
model system. However, several recent studies have 
suggested commonalities, and perhaps even a causal 
role for another abundant sncRNA species in sperm, 
tRNA fragments (tRFs). Both dietary protein restriction 
(Sharma et al. 2016) and HFD feeding (Chen et al. 2016) of 
fathers affect sperm tRF composition; in fact, tRFs appear 
more sensitive to these dietary interventions than other 
sperm sncRNA such as microRNA. Importantly, injection 
of sperm tRFs from HFD males into control zygotes was 
able to recapitulate the metabolic disorder induced in the 
HFD offspring, implying a causal link (Chen et al. 2016). 
Our own studies have implicated tRFs as mediators of 
the inheritance of the paternally-induced metabolic 
phenotype: we found perturbations to the same diet-
responsive tRFs in the sperm of the male offspring of 
obese males. Such changes could not have been induced 
by exposure to obesity as in our model, the F1 progeny 
are unaffected when they are maintained on a healthy 
diet. Taken together with the observation that sperm tRFs 
appear sensitive to two opposing dietary stressors, this 
suggests that tRFs may represent a conserved mechanism 
for the passage of environmentally acquired phenotypes 
across generations.

Small RNAs such as tRFs delivered to sperm during 
their maturation are unlikely to have a function in the 
sperm itself; rather, it is likely that they function in 
the very early embryo (Fig. 3). Sperm sncRNA has been 
reported to induce transcriptional changes in the early 
embryo when injected into zygotes (Chen  et  al. 2016, 
Sharma et al. 2016), but whether these are direct or indirect 
transcriptional effects is unknown. Available evidence 
indicates that tRFs, like miRNA, reside predominantly in 
the cytoplasm (Garcia-Silva  et  al. 2012) where they can 
associate with polyribosomes and affect translation (Sobala 
& Hutvagner 2013, Kumar  et  al. 2014). It may be that 
the transcriptional changes within embryos in response 
to sperm sncRNA are mediated by post-transcriptional 
mechanisms (Cropley et al. 2016).

Is paternal programming adaptive?

Paternal programming effects have been documented 
in both invertebrate and vertebrate species; available 
evidence points to heritability mechanisms involving 
non-coding RNA that may also be conserved. This begs the 
question of whether paternal programming holds some 
unique evolutionary significance. It has been proposed 
that the ability to respond to and transmit information 
about environmental changes to offspring has adaptive 
advantages (Feinberg & Irizarry 2010, Hanson & 
Gluckman 2014). In terms of paternal obesity, such a 
scenario may appear to be maladaptive. But widespread 

regulation of 
maternal RNAs

5. sperm sncRNA could 
interfere with zygotic gene
regulation at multiple levels

4. sperm sncRNA 
delivered to oocyte

perturbation of
early embryonic
transcription
program

nucleus

cytoplasm

3. sncRNA transferred from 
epididymosomes to maturing 

sperm in epididymis

1. developing sperm
in testis

2. epididymosome sncRNA cargo 
altered in response to environment

Figure 3
Model for the involvement of small non-coding RNA in paternal programming. Small RNA content of sperm may be altered by environmental conditions 
either during sperm development (1) or during maturation in the epididymis via interactions with RNA-rich epididymosomes (2, 3). Sperm deliver small 
RNAs to the oocyte upon fertilization (4), where they may affect early embryonic gene expression in a variety of ways (5). The small RNAs most 
abundant in sperm, miRNAs and tRFs are known as post-transcriptional regulators: their targets may be maternal RNAs, or, if they persist beyond the 
maternal-zygotic transition, embryonic transcripts. Sperm small RNAs may also find their way to the nucleus to perturb the early embryonic 
transcriptional program.
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obesity is a very modern phenomenon: presumably, 
the machinery underlying such responses has evolved 
in response to historical stressors for which a response 
might be adaptive, such as intermittent food shortages 
or climate changes. If these responses are epigenetic in 
nature this provides a way in which populations can 
revert to former phenotypes if environmental changes do 
not persist (Cropley et al. 2012). For example, paternally 
programmed RNA responses in the worm C. elegans are 
lost unless there is multigenerational exposure to the 
inducing stimulus (Houri-Ze’evi et al. 2016).

The paternal programming examples described in 
this review represent findings from transient exposures, 
followed for only a few generations. But what might 
be the consequences for humans exposed to stressors 
such as overnutrition for many generations? Studies 
in invertebrates may provide some insight. In a unique 
experiment performed with the caterpillar Plutella 
xylostella, multigenerational exposure to an obesogenic 
diet progressively led to a population of animals which, 
by the eighth generation of continuous exposure, had 
acquired the ability to eat excess carbohydrate without 
laying it down as fat; in other words, the population 
had become immune to the obesogenic effects of the 
diet (Warbrick-Smith et al. 2006). Selection acting on the 
reduced fitness of obese animals undoubtedly underpins 
this observation, and although in an outbred species such 
selection may be acting on genetic variants, epigenetic 
variants can also be selected for. We have previously 
shown (in mice) that a purely epigenetic trait induced 
by a dietary change can rapidly pervade a population 
when the dietary stress is sustained and coupled with 
selection for the induced trait (Cropley et al. 2012). Taken 
together with the potential for paternal effects to be 
heritable, these data raise the alternative possibility that 
acquired traits could become fixed in a population over 
time if they conferred a selective advantage. It is therefore 
plausible that humans could eventually become immune 
to the metabolic effects of parental overnutrition and its 
consequences if it were sustained over many generations.

Conclusions and perspectives

The idea that fathers contribute only their haploid genome 
to their offspring has been challenged by the many reports of 
paternal epigenetic programming. In terms of metabolism, 
the short-term consequences appear to be maladaptive: 
offspring of metabolically compromised fathers are 
themselves programmed to be metabolically compromised. 
Under the presence of persistent metabolic challenge, such 

as the intergenerational cycle of obesity of today’s era, the 
long-term consequences are difficult to predict, but might 
potentially be beneficial at a population level. Nevertheless, 
paternal programming of metabolism highlights the need 
to focus on the health of both parents to achieve the most 
beneficial outcomes for children and future generations.
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