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Compared with our recent hominid ancestors,  
humans seem to have uniquely evolved for 
endurance physical activity (EPA)1,2 (Box 1). Evidence 
for this theory derives from observations in mod-
ern hunter-​gatherer tribes, who walk an average of 
9–15 km daily to forage for food, in addition to the sus-
tained endurance activity used in persistence hunting3. 
However, the rapid increase in industrialization during 
the twentieth century has seen modern humans become 
largely sedentary, with an accompanying increase in the 
prevalence and incidence of chronic diseases, such as 
cancer, cardiometabolic disease and dementia. All forms 
of exercise have been shown to be protective against the 
onset of chronic diseases4,5, suggesting a central role for 
physical activity in our evolutionary history6.

Human performance synergizes numerous organ 
systems (see Fig. 1) to optimize EPA and resistance  
physical activity (RPA). Moreover, as exercise extends 
healthspan in the population, the study of the molecular 
pathways through which exercise exerts its beneficial 
effects can inform our understanding of biology 
and even identify potential therapeutic targets. It is 
largely accepted that an individual’s maximal perfor-
mance is strongly heritable7, with few able to realize 
Olympic level performance; for example, an inherited 
performance-​enhancing variant in the erythropoietin 
receptor, which contributes to increased red blood cell 
mass, was found to be at least partly responsible for the 
Olympic success of cross-​country skiing champion, Eero 
Mäntyranta8. However, genome-​wide association studies 
(GWAS) of maximal oxygen uptake (VO2 max) and elite 
endurance athletes have yet to yield substantial insight 
into the genes and mechanisms involved in optimizing 
performance9 because of sample size limitations and 
inconsistent protocols for studying EPA. As a result, our 
current knowledge of the genetics of EPA have emerged 
from candidate gene studies and mouse models.

More recent GWAS have focused on narrower ‘inter-
mediate’ phenotypes (for example, factors that affect 
VO2 max, such as maximal exercise heart rate) to achieve 
greater sensitivity in detecting association signals10,11. 
These studies have identified loci that may contribute via 
single organ system mechanisms to optimizing human 
performance. Separately, advances in ‘omic’ technologies 
(such as RNA-​seq, ATAC-​seq and high-​throughput 
proteomics, metabolomics and lipidomics), have ena-
bled the multi-​omic study of changes that occur with 
acute exercise and chronic exercise training; integration 
of these data can identify interacting molecular networks 
that affect EPA.

Here, we review our current understanding of the 
genetics of human performance, including several recent 
large studies that successfully identified and replicated 
variants associated with VO2 max12,13. We then explore 
recent studies of defined intermediate phenotypes 
involved in human performance. We review advances 
in the multi-​omics of acute and chronic endurance 
training, and highlight molecular pathways identified 
through longitudinal multi-​omic approaches. Of note, 
this Review does not discuss the role of microRNAs in 
acute exercise-​mediated gene expression changes, which 
are reviewed in detail elsewhere for skeletal muscle14 and 
cardiac function15. We conclude by introducing ongo-
ing consortia work that aims to illuminate the molecular 
mechanisms through which exercise, and in particular 
EPA, exert their health-​promoting effects.

Genetics of endurance physical activity
Heritability of endurance physical activity. A substantial 
proportion of knowledge regarding the genetics of EPA 
has come from the HERITAGE study16. In HERITAGE, 
90 European and 30 African ancestry families (each 
with ≥3 adult children) were recruited from multiple 
centres across North America. From this familial data, 

Endurance physical activity
(EPA). Human performance 
that optimizes sustained 
activity over an extended 
period of time, such as running, 
cycling and cross-​country 
skiing. Maximal oxygen uptake 
(VO2 max) is commonly used 
as a proxy for maximal 
capacity for EPA.

Resistance physical activity
(RPA). Human performance 
that requires muscles to work 
against an external force, such 
as weightlifting; individual 
muscle groups (such as biceps 
or triceps) can be measured 
accurately in isolation using 
dynamometry.
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investigators were able to estimate the heritability of 
baseline VO2 max17 (heritability approximately 60%) and 
post-​training improvements to VO2 max7 (heritability 
approximately 50%). Interestingly, both studies showed a 
significant contribution of maternal heritability (approx-
imately 30% for both baseline and post-​training VO2 

max)7,17, suggesting that mitochondrial inheritance has 
a role in EPA genetics.

Although small, the HERITAGE study provided evi-
dence for both genetically determined EPA capacity and 
for differential training response dependent on under-
lying familial genetics. Improvements in genotyping 

Healthspan
The length of time that  
a person is healthy and 
independent in their activities; 
by contrast, lifespan simply 
measures the length of time  
a person is alive but does  
not factor in quality of life.

Maximal oxygen uptake
(VO2 max). Represents  
the maximum capacity for 
endurance physical activity 
(EPA). It is the maximal  
rate of oxygen uptake (O2 in 
ml kg−1 min−1) measured during 
incremental increases in EPA 
activity intensity, commonly on 
a treadmill or stationary bike.

Box 1 | Evolutionary pressure favours EPA in Homo species

The emergence of Homo erectus ~2 million years ago, with a body like that of modern humans, marked the onset of the 
rapid geographical expansion of Homo species141. There remains vigorous debate about which Homo-​specific adaptations 
enabled them to spread throughout the world; however, the evolution of larger brains is thought to be critically important.

One prominent theory (proposed by Carrier et al.1 and popularized by Bramble and Lieberman2) integrates the fossil/
biomechanical and thermoregulation hypotheses and proposes that humankind evolved to optimize endurance physical 
activity (EPA) to obtain the fat and/or protein necessary for expanded brain development (see figure). First, Homo  
species evolved a unique musculoskeletal system associated with optimized EPA: compared with the more ape-​like 
Australopithecus afarensis species that likely preceded it, H. erectus had a ~50% longer femur, more compact feet and 
shorter toes142. Combined with the evolution of shock-​absorbing foot and ankle ligaments, these skeletal changes likely 
allowed for improved running energetics143. Second, early hominids shed the fur prominent amongst our chimpanzee 
relatives, allowing for improved thermoregulation. Unlike most other mammals, humans can sweat144, which is facilitated 
by the greater density of eccrine sweat glands throughout their skin145. Human skin is also more densely vascularized, 
which enables loss of body heat via blood flow to the skin and by peripheral sweat production146. Finally, the loss of fur in 
Homo species provides a greater surface area for heat exchange147. Additional support comes from recent work comparing 
human hearts with chimpanzee and gorilla hearts (which together represent the inferred form of the last common ancestor 
of modern humans and apes), which indicates that the human heart is optimized for cardiac output (thinner walls, larger 
ventricular cavity, improved diastolic filling) and therefore better suited for EPA, such as running148. By contrast, the thicker, 
more spherical hearts of chimpanzees and gorillas are well adapted for resistance activity, such as climbing or fighting149. 
Taken together, these observations suggest that the numerous inferred adaptations of ancient Homo species are consistent 
with evolutionary pressure towards efficiency of EPA.

Notably, although humans cannot sprint or gallop as fast as most quadrupeds150, they are able to thermoregulate144  
and use the bioenergetics of foot strike to continue running longer than their prey151. By contrast, quadrupeds must  
pant to dispel excess heat152, placing them at a significant disadvantage as they cannot simultaneously pant and run153.  
This observation has led to the hypothesis that the adaptations first seen in H. erectus ~2 million years ago enabled ancient 
hominids to fill the evolutionary niche of hunter-​gatherers via persistence hunting in an era without weapons2; hunting 
could explain how our ancient ancestors obtained the large quantities of fat and protein necessary for expanded brain 
development1,2. Persistence hunting is still practised by the Kalahari Bushmen, and involves alternating cycles of chasing 
and tracking. By ensuring their prey cannot fully thermoregulate between chases, the hunters force their prey to eventually 
collapse from hyperthermia. Hunters can then dispatch the prey without fear of injury154.
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technology subsequently enabled mitochondrial variant 
association studies and GWAS of VO2 max to be per-
formed to identify candidate genes responsible for the 
heritability of EPA.

Mitochondrial genetics and endurance physical activ-
ity. One explanation for the strong maternal contribu-
tion to the heritability of VO2 max (both at baseline 
and after training)7,17 is that variation in mitochon-
drial DNA (mtDNA) results in altered endurance 
capacity. Associations between mtDNA haplogroups 
and EPA have been investigated, but with inconsistent 
results18,19. Specifically, given the ancestral inheritance 
of haplogroups (for example, populations of African 
ancestry tend to have different mtDNA haplogroups 
from individuals of European ancestry), trans-​ethnic 
comparisons of haplogroup association with EPA have 
not been reliably replicated18. Moreover, a recent review 

of mitochondrial genome variants did not find con-
sistent signals between mtDNA haplogroups and EPA, 
even when separating studies by genetic ancestry19, 
and no association was observed between mouse 
haplogroups and EPA in mice specifically bred for 
voluntary wheel running20. This failure to detect associ-
ations can partially be explained by small sample sizes, 
but it should also be considered that most mitochon-
drial proteins are encoded by nuclear DNA rather than  
mtDNA18,19,21. Indeed, recent work found that only 
nuclear DNA (but not mtDNA) variants encoding 
mitochondrial proteins were associated with response 
to exercise training21. There is a need for a gold stand-
ard study of mtDNA and EPA and standardization of 
mtDNA genotyping and/or sequencing; for instance, 
numerous studies only consider the hypervariable 
regions of mtDNA and thus omit non-​coding mtDNA 
variation21.

Haplogroups
Combinations of alleles at 
different regions of the genome 
(organellar or nuclear) that 
share polymorphisms inherited 
from a common ancestor.

Autonomic and 
neuromuscular regulation

CO = HR × SV
SV = contractility × preload
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with afterload
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Physiological improvements with training

Fig. 1 | VO2 max is affected by the function of numerous organs. At baseline, VO2 max (a surrogate for endurance 
physical activity) is determined by the product of cardiac output (CO, measured as heart rate (HR) multiplied by stroke 
volume (SV)) and oxygen extraction (measured as mixed arterial oxygen tension (PaO2) minus mixed venous oxygen 
tension (PvO2)). Organs such as the heart, lungs, blood system, skeletal muscle and skin all contribute to baseline VO2 max. 
However, only the heart, blood system and skeletal muscle significantly contribute to increased VO2 max with exercise; 
ventilatory capacity (via the lungs) and sweating (via skin) are generally not changed with exercise training and hence do 
not greatly influence changes to VO2 max. With exercise training, cardiac remodelling occurs to allow for greater SV (via 
passive flow, or preload). The autonomic nervous system and cardiac-​specific remodelling increase the HR response to 
exercise. Plasma oxygen-​carrying capacity also increases via erythrocytosis, mediated by hypoxia-​inducible factor (HIF) 
family signalling. Finally, there are numerous changes to skeletal muscle that allow for greater extraction of muscle oxygen 
and its utilization for metabolism during future exercise.
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GWAS of endurance physical activity. Peak EPA is typ-
ically assessed from VO2 max measurements obtained 
during laboratory exercise testing, which makes it dif-
ficult to obtain the large samples necessary for suffi-
ciently powered GWAS12,13,22–25. Indeed, most GWAS 
have focused largely on the phenotype of baseline VO2 
max12,13,25, but those that have studied changes in VO2 max  
with training have been extremely small and have 
used partially overlapping data from the HERITAGE 
study22–24. Similarly, performing a case–control GWAS 
(with cases represented by persons with elite endurance 
capacity) requires careful ascertainment and recruit-
ment, which also limits sample size26,27. Hence, only a 
handful of GWAS for EPA have been published12,13,22–27; 
the remainder of the genetic studies have typically 
focused on identifying EPA-​associated genetic varia-
tion in candidate genes, and these associations could not 
be reliably replicated28, likely because of a lack of study 
participants with both VO2 max and genotype data.

The most recent of these GWAS have been per-
formed in non-​HERITAGE cohorts and have identified 
several single nucleotide variants (SNVs) and genes 
associated with EPA (Table 1). A small discovery study 
of Russian endurance athletes (n = 80) identified six 
significant SNVs associated with VO2 max25, of which 
only one SNV that mapped close to the NFIA-​AS2 locus 
(which is involved in erythropoiesis — see ‘GWAS of 
EPA-​related phenotypes’) was later replicated29. More 
recently, a GWAS using pooled data from endurance 
athletes of European ancestry (n = 173) identified (via 
false discovery rate filtering) an IL6 intronic variant 
associated with VO2 max13. Finally, in the most compre-
hensive GWAS to date, data from the HUNT3 (n = 3,470) 
and Generation100 (n = 718) population-​based studies 
of non-​athletes of European ancestry were leveraged to 
identify and replicate SNV associations with VO2 max in 
the loci PROX1, EDN1, MYLIP, VIPR2, ADRB3, ACTN3, 
KCNQ1, BAHD1 and MYOCD12. Using these novel find-
ings, a nine-​SNV polygenic score was constructed and 
demonstrated an allelic dose-​dependent increase in VO2 
max and the presence of fewer cardiovascular risk fac-
tors (such as cholesterol, blood pressure and body mass 
index) in individuals with a more favourable polygenic 
score12.

Two GWAS that used elite endurance athletes as cases 
and sedentary participants as controls have identified 
replicating SNVs associated with VO2 max (Table 1). The 
first study was a meta-​analysis of 1,520 endurance ath-
letes and 2,760 sedentary controls; a coding variant in 
GALNTL6 was the only SNV identified in trans-​ethnic 
analyses as significantly associated with elite endurance 
athlete status26. More recently, a GWAS of European 
endurance athletes (n = 662) identified and replicated (in 
separate Russian and Japanese cohorts) a synonymous 
SNV in MYBPC3 that was significantly associated with 
increased odds of being an elite endurance athlete27. 
Notably, MYBPC3 is one of the most commonly 
associated genes in hypertrophic cardiomyopathy30.

Human GWAS of EPA have been limited by statis-
tical power because of the highly specialized nature of 
maximal exercise testing. As a result, GWAS of EPA 
have identified and replicated only a limited number of 

possible candidate genes (Table 1), although we suspect 
that sufficiently powered studies of the trainability of 
VO2 max may identify novel genetic variants and genes 
that influence EPA. Moreover, unlike common diseases 
such as type 2 diabetes31, a functional and mechanistic 
understanding of how these candidate genes affect EPA 
is largely lacking (apart from ACTN3, which is discussed 
below). Consequently, investigators have instead iden-
tified plausible biological targets and examined their 
effects in mice.

Genes identified in model organisms with a role in 
endurance physical activity. Transgenic mice can be 
used to test the effects on EPA of specific genes, with 
endurance capacity typically measured as time or dis-
tance to exhaustion via either swimming or running.  
A recent systematic literature review identified 31 mouse 
genes the knockout or overexpression of which led to 
increased endurance capacity32, including nine with 
human orthologues in which variants have been impli-
cated in endurance traits: ACTN3, ADCY5, ADRB2, 
BDKRB2, HIF1A, PPARD, PPARGC1A, PPARGC1B and 
PPP3CA32. Of these, strong evidence for a role in human 
performance exists for ACTN3, HIF1A, PPARGC1A and 
PPARD (Table 1).

ACTN3 has previously been reported22 and 
replicated12 in human GWAS for VO2 max. It encodes 
α-​actinin-3, an actin-​binding protein expressed in 
muscles, and is required for the formation of type II/fast-​
twitch muscle fibres (glycolytic fibres used for RPA)33. 
ACTN3 has been extensively studied since it was 
first reported that a common nonsense mutation 
(ACTN3R577X) resulted in α-​actinin-3 deficiency in the 
human population34. Given the role of ACTN3 in type II/
fast-​twitch muscle fibre formation, interest in the gene 
intensified when a follow-​up case–control study demon-
strated that ACTN3R577X was associated with decreased 
sprint and/or power performance, but possibly con-
ferred increased endurance capability35. Subsequent can-
didate gene studies in humans have consistently found 
ACTN3R577X to be associated with decreased RPA, but 
results for EPA were more inconsistent36. By contrast, 
Actn3-​knockout mice show a consistent, modest increase 
in endurance capacity37. Moreover, Actn3-​knockout 
mice show a greater differentiation from wild-​type mice  
with endurance training; that is, whereas baseline endur-
ance capacity does not significantly differ between 
Actn3-​knockout mice and wild-​type mice, the improve-
ment in endurance capacity with endurance training 
is significantly greater in Actn3-​knockout mice36. This 
exercise training-​dependent increase in endurance 
capacity in Actn3-​knockout mice is mediated through 
muscle fibre switching to type I/oxidative muscle fibres, in 
line with the crucial role of ACTN3 in type II/fast-​twitch 
muscle fibre formation33.

Hypoxia-​inducible factor 1 (HIF1) is a transcrip-
tion factor that is activated by hypoxic conditions and 
subsequently increases oxygen-​carrying capacity by 
upregulating genes related to angiogenesis and/or 
erythropoiesis38. While an acute session of endurance 
exercise will increase expression of HIF1-​regulated 
genes, fit and trained endurance athletes tend to have 

Polygenic score
A measure constructed  
from additive genotypes of 
variants across multiple genes 
associated with a trait that  
can be used to predict from an 
individual’s genetic sequence 
their likelihood of having  
that trait.

Type II/fast-​twitch  
muscle fibre
This muscle fibre type is 
optimized for resistance 
physical activity, and is 
characterized by high  
force generation but low 
endurance capability.

Type I/oxidative muscle fibre
This ‘slow-​twitch oxidative’ 
muscle fibre type is optimized 
for endurance physical activity; 
it has greater mitochondrial 
density, which leads to lower 
force generation but increased 
resistance to fatigue.
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an attenuated HIF1 response owing to increased levels 
of HIF1 inhibitors39. A variant in EGLN1 (which 
encodes PHD2, one of these HIF1 inhibitors) inhibits 
HIF pathway activation in Tibetan populations liv-
ing at high altitudes and is thought to contribute to 
their improved high-​altitude performance compared  
with low-​altitude populations40 (Fig. 2). Similarly, mice with  
skeletal muscle-​specific deletions of Hif1a have signif-
icantly greater mitochondrial density and improved 
endurance capacity (albeit with greater muscle damage) 
than wild-​type mice — suggesting that HIF1 inactivation 
leads to improved oxidative capacity and performance41. 
Hence, activity of the HIF family pathway seems to be 
required for changes that occur during the acute phase  
of endurance training but are then inhibited in the 
trained state, allowing for greater oxidative metabolism 
and EPA38.

The PPARD, PPARGC1A and PPARGC1B genes 
converge upon the exercise metabolism pathway. 
PPARGC1A encodes peroxisome proliferator-​activated 
receptor-​γ co-​activator 1α (PGC1α), which is widely 
considered to be the master regulator of mitochon-
drial biogenesis42. PPARGC1B encodes PGC1β,  
a homologue of PGC1α with similar function43, but  
the expression of which alone cannot compensate for the 
loss of PPARGC1A in knockout experiments44. PGC1α is 
activated by AMP kinase (AMPK) signalling45. AMPK 
senses intracellular energy balance and is activated by the 
high concentrations of cytoplasmic calcium and AMP46 
(Fig. 3) that result from repeated muscle contraction and 
ATP use, respectively. Once PGC1α has been activated 
by AMPK, it translocates to the nucleus and mitochon-
dria to regulate expression of genes necessary for mito-
chondrial biogenesis42. As part of this process, PGC1α 

Table 1 | Summary of genes confidently associated with human performance

Trait Gene function Gene Other trait associations Refs

GWAS of endurance performance activity

VO2 max NFIA gene regulation, erythropoiesis NFIA-​AS2 – 25

VO2 max Inflammation-​regulating cytokine IL6 Autoimmune disease117, T2D118 13

VO2 max Skeletal muscle contraction ACTN3a – 12,13,34,35,37

VO2 max Adrenergic receptor; thermogenesis/
lipolysis

ADRB3 Metabolic syndrome119 12,13

VO2 max Endothelin-1, smooth muscle 
vasoconstriction

EDN1 HDL-​C120 12,13

VO2 max Cardiac potassium channel KCNQ1 Long QT syndrome121, AFib122 12

VO2 max Myocardin; smooth muscle differentiation MYOCD – 12

VO2 max Lymphatic system development PROX1 – 12

VO2 max Actin linking of membrane proteins MYLIP – 12

VO2 max Neurointestinal signalling of food intake VIPR2 – 12

VO2 max Heterochromatin formation BAHD1 – 12

Elite endurance athlete (cases) Glycoprotein transfer GALNTL6 – 26

Elite endurance athlete (cases) Cardiac myosin binding protein MYBPC3 Hypertrophic cardiomyopathy123 27

Transgenic mouse studies with strong in vivo and/or in vitro evidenceb

Time or distance to exhaustion Skeletal muscle contraction ACTN3a – 12,13,34,35,37

Time or distance to exhaustion Increased erythrocytosis to hypoxia HIF1Aa Inflammation124, CNS development125 32,41

Time or distance to exhaustion Lipid metabolism, mitochondrial biogenesis PPARDa Exercise mimetics and/or doping48,127 32,126

Time or distance to exhaustion Mitochondrial biogenesis PPARGC1Aa Dilated cardiomyopathy128, 
thermogenesis129

13,32,52

GWAS of performance-​related traitsb

Hand-​grip strengthc Axonal outgrowth, neurogenesis BDNF Neuropsychiatric disorders130–132 59

Hand-​grip strengthc Microtubule motor, axonal outgrowth KIF1B Charcot–Marie–Tooth disease 2A1 (ref.133) 59

Cardiac function Cardiac muscle assembly; force generation TTN Hypertrophic30 and dilated134 
cardiomyopathy

69,71

Cardiac function Cytoprotective; binds to Hsp70 chaperones BAG3 Hypertrophic30 and dilated135 
cardiomyopathy

69,71,72

HR recovery after exercise Cardiac muscarinic ACh receptor CHRM2 Neuropsychiatric disorders136,137 10,11

Resting HR and HR recovery 
after exercise

E3 ubiquitin ligase RNF220 Cardiac development138 10,11,79

ACh, acetylcholine; AFib, atrial fibrillation; CNS, central nervous system; HDL-​C, high-​density lipoprotein cholesterol; HR, heart rate; QT, Q-​to-​T interval on 
electrocardiogram measured in milliseconds; T2D, type 2 diabetes. aDenotes a human gene with a mouse orthologue that has been studied (via overexpression or 
knockout experiments) for endurance-​related phenotypes. bAlthough many candidates have been identified, we include only the subset of loci that we consider 
most likely to affect human performance. cHand-​grip strength is adjusted for body size, to normalize strength across differing heights and weights.
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increases protein levels of glucose transporter type 4 
(GLUT4) and numerous other transcription factors47, 
which leads to increased mitochondrial density and, via 
activation of PPARδ (encoded by the PPARD gene)48, 
an improved capacity for fatty acid metabolism and  
oxidative metabolism49. In addition, PGC1α acts through 
a HIF-​independent pathway to mediate skeletal muscle 
angiogenesis in response to exercise50. Knockout of 
Ppargc1a specifically in the skeletal muscle of mice leads 
to a shift from type I (slow-​twitch, high oxidative capacity)  
to type II/fast-​twitch muscle fibre, with an accompa-
nying decrease in endurance capacity and increase in 
muscle damage with exercise51. These phenotypes can 
be partially rescued by expression of human PPARGC1A 
in the Ppargc1a-​knockout mice, as measured by an 
increase in mitochondrial gene expression and a 
decrease in fatiguability49. Subsequent analyses found 

that overexpression of PPARGC1A in skeletal muscle of 
mice increased the distance ran and led to a 24% increase 
in peak VO2 max compared with control littermates52. In 
humans, endurance athletes had a significantly greater 
‘endurance genotype score’ (comprising genes involved 
in the PPARGC1A transcriptional pathway) compared 
with controls and power athletes53. Separately, a missense 
variant of PPARGC1A was identified in a recent GWAS 
of endurance athletes but was found not to be significant 
after filtering for false discovery rate13.

Taken together, mouse studies provide additional 
support for the role of biological pathways implicated 
in human performance by GWAS, notably the impor-
tance of skeletal muscle and oxygen. Genetic variation 
in ACTN3 can affect the structure and function of 
skeletal muscle37, and variants in genes in metabolic 
pathways (primarily mediated by PPARGC1A42,49,50,52) 

Hypoxia

HIFβ

PHD2

Normoxia
HIF1/2/3α

↑ HIF target genes

↑ Angiogenesis

HIFβHIF1α

VEGF

(among other genes)

↑ Haematocrit

EPO

HIF target genes

EPOR mutation leads
to ↑ performance

Ubiquitin-mediated
HIF degradation

EDN1

↓ Vascular tone
↑ Blood flow

(among other genes)

IL-6

IL-6 receptor

Tibetan EGLN1 variants: 
rs186996510 (PHD2D4E)
rs1209790 (PHD2C127S)

Fig. 2 | The hypoxia-inducible factor signalling pathway affects the haematopoietic and vascular systems. Under 
conditions of normal oxygenation (normoxia), prolyl hydroxylase domain-​containing protein 2 (PHD2) binds to hypoxia-​
inducible factor (HIF) transcription factors HIF1/2/3α and leads to ubiquitin-​mediated HIF degradation. Under conditions 
of low oxygen (hypoxia), the HIF1/2/3α transcription factors are not degraded and instead bind to HIFβ to activate HIF 
transcription factor family target genes, including EPO (erythropoietin, previously implicated in benign erythrocytosis that 
aided Eero Mäntyranta in Olympic cross-​country skiing)8, the vascular endothelial growth factor (VEGF) family of genes, 
and EDN1 (encodes endothelin-1, a protein that regulates vascular smooth muscle tone). Separately, IL-6, as part of the 
acute inflammatory response associated with exercise12, can induce HIF1/2/3α transcription factor activation. The study 
of high-​altitude adaptation in Tibetans has identified two variants in EGLN1 (encoding the protein PHD2) that result in 
constitutive degradation of HIF1/2/3α transcription factors, even under conditions of hypoxia40,139. The consequences of 
these mutations on, or their association with, human performance or endurance physical activity (EPA) are not yet known, 
but EGLN1 mutations have been reported to cause erythryocytosis140.
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affect the degree to which gene expression, and  
ultimately oxygen delivery and mitochondrial func-
tion, in muscle are affected by exercise. HIF family 
pathway signalling has been implicated in EPA38, and 
several genes in this pathway (including IL6 and EDN1) 
have been identified in GWAS of VO2 max12,13. These 
results stress the importance of red blood cell volume 

and oxygen-​carrying capacity in determining peak 
performance potential. However, the relatively small 
number of convincing candidate genes identified to 
date via various approaches also underlines the urgent 
need for larger, better powered studies of EPA (see 
ref.54 for a review of GWAS and candidate gene studies  
up until 2019).

Genetics of endurance-​related phenotypes
Given the difficulty of recruiting the necessary popula-
tions to perform a sufficiently powered GWAS on VO2 
max or elite endurance athlete status, focus has shifted 
to discrete intermediate phenotypes that contribute to  
EPA. These GWAS have enriched our understand-
ing of EPA by increasing the number of known loci 
involved in relevant human traits associated with human 
performance (Table 1).

Genetic studies of mechanical strength. Although 
mechanical strength is traditionally thought of as an 
RPA-​related phenotype, nearly all forms of endurance 
performance (such as cycling, rowing and cross-​country 
skiing) incorporate elements of resistance or muscular 
strength36. Hence, the genes that influence mechanical 
strength are likely to also affect EPA. Hand-​grip 
dynamometry is frequently used as a proxy for overall 
mechanical strength because it is easy to implement, 
is strongly correlated with formal dynamometry55, is 
reliable56 and has prognostic value57. Hand-​grip strength 
is strongly heritable (approximately 20–65%)58,59 and 
has been studied in four GWAS to date59–62. The first 
GWAS did not yield any replicated associations at nom-
inal significance60, while the second study identified 
one replicated SNV61 that was not validated in larger, 
subsequent studies59,62. The two most recent GWAS 
leveraged data from the UK Biobank and other consortia  
and consequently had significantly greater statistical 
power: the first GWAS (n = 195,180) identified 12 SNVs 
associated with hand-​grip strength that were replicated 
in a formal two-​stage analysis62; the second GWAS 
(n = 334,925), which used partially overlapping data 
with the first GWAS and adjusted hand-​grip strength 
for body size, identified 64 replicating loci59, eight of 
which had been previously reported62. Interestingly, 
expression quantitative trait locus (eQTL) analyses of these 
64 loci showed strong enrichment for neuronal function 
rather than skeletal muscle59. This finding is consistent 
with long-​known observations that muscular strength 
is dependent on both muscle size and/or composition 
and the ability of the brain to recruit muscle units for 
contraction63. In addition, a restricted polygenic score 
based on significant SNVs for hand-​grip strength was 
inversely correlated with body fat, leptin and measures of 
insulin resistance. Mendelian randomization using this 
restricted polygenic score for hand-​grip strength found 
potentially causal protective effects against ischaemic 
heart disease and atrial fibrillation59. These data suggest 
that genetically determined muscle strength, mediated 
by both the nervous system and peripheral muscle, is 
protective against obesity and cardiometabolic disease 
in addition to its effects on EPA and overall human 
performance.
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Fig. 3 | Metabolic changes with acute exercise converge on PGC1α in skeletal muscle. 
In skeletal muscle, intense exercise leads to activation of glucose transporter type 4 
(GLUT4, the most common glucose transporter in skeletal muscle) and intracellular 
accumulation of AMP, and Ca2+. AMP and Ca2+ are sensed by AMP kinase (AMPK), which 
in turn activates a signalling cascade centred on peroxisome proliferator-​activated 
receptor-​γ co-​activator 1α (PGC1α), the so-​called ‘master regulator’ of mitochondrial 
biogenesis. PGC1α activation results in increased GLUT4 transcription and a metabolic 
switch in skeletal muscle cells, which leads to increased oxidative phosphorylation, in 
part via PPARδ-​mediated increases in fatty acid utilization. These metabolic changes 
cause a switch from type II to type I (oxidative) muscle fibres with greater endurance 
performance. Additionally, recent longitudinal multi-​omic data109 support a potential 
role for host–microbiome interactions in this response to acute exercise: Veillonella spp. 
in the gut convert lactate into propionate, which, if taken up by skeletal muscle cells, may 
contribute to enhanced endurance physical activity (EPA) via AMPK activation45,111.
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Genetics of cardiac-​related phenotypes. VO2 max is 
strongly influenced by maximal cardiac output (Fig. 1). 
During exercise, increases in VO2 are driven by increases 
in cardiac output (via increased stroke volume and 
heart rate) and oxygen extraction at the tissue level64. 
Noninvasive cardiac imaging, such as echocardiography 
or MRI, offers a wealth of data on the structure and 
function of the heart. Numerous small GWAS have 
been performed on echocardiography measures65–67, 
but with few replicating signals. However, by combin-
ing data from 30 cohorts (n = 32,212), four loci asso-
ciated with measures of cardiac function (CDKN1A, 
SLC35F1, MTSS1 and ATXN2)68 were identified and 
later replicated in independent data69. Separately, anal-
ysis of data from Biobank Japan (n = 19,516) identified 
one locus (SMARCB1)70 that replicated in subsequent 
analyses69. Numerous GWAS have been performed using 
cardiac MRI data from UK Biobank69,71,72. In the first 
pass analysis (n = 16,923), four loci for cardiac function 
(TTN, BAG3, SH2B3 and CLCNKA)71 were identified  
and later replicated69. A meta-​analysis of UK Biobank and  
other consortia data (n = 26,638) identified an addi-
tional signal, in TMEM40 (ref.72). The largest analy-
sis to date (n = 36,041) validated these five loci and 
identified an additional 21 loci associated with cardiac 
systolic function69. Interestingly, several of the newly 
identified loci for cardiac function overlap with genes 
implicated in cardiomyopathy (such as BAG3 and TTN). 
A recent meta-​analysis demonstrated a correlation 
between genetically determined cardiac function and 
cardiomyopathy risk — suggesting that variants that are 
adaptive in early life may contribute to cardiomyopathy 
risk later in life30.

Autonomic and endocrine signals increase heart 
rate with exercise and therefore increase cardiac output. 
Slower heart rate, reflecting improved parasympathetic 
tone, correlates with fitness and is strongly protective 
against cardiac death73. Both the acute74 and long-​term75,76 
effects of exercise on heart rate increase are strongly her-
itable (approximately 32% and 34%, respectively). The 
genetics of long-​term heart rate changes with exercise 
have not been investigated outside the HERITAGE 
study77, and hence, no replicated signals exist for this 
phenotype78. By contrast, two recent large-​scale studies 
from the UK Biobank have provided a wealth of knowl-
edge on genetic loci that affect acute heart rate increase 
and recovery with submaximal exercise10,11. Both studies 
used the same release of UK Biobank data, and hence 
had similar sample sizes (n ~ 60,000) and studied sim-
ilar phenotypes10,11. For the acute increase in heart rate 
with exercise, three signals were found in both studies: 
SNCAIP, POP4 and MCTP2 (refs10,11). By comparison, 
eight signals were found in both studies for heart rate 
recovery after exercise: CHRM2, SYT10, CNTN3, PAX2, 
CAV2, MED13L, RNF220 and NDUFA11 (refs10,11). Of 
these signals, SYT10 and RNF220 were also associated 
with resting heart rate79. These 11 loci can be broadly 
categorized into three groups based on gene ontology: 
neural development and/or lifespan, cardiac develop-
ment and ion channel function78. Among these 11 genes, 
only one (CHRM2) was previously identified in candi-
date gene studies. CHRM2 encodes M2R, the primary 

muscarinic acetylcholine receptor in the heart; its para-
sympathetic activation causes decreased heart rate and 
reduced cardiac contractility80. Two other SNVs in the 
CHRM2 region have been associated with decreased 
heart rate recovery after exercise and increased risk of 
cardiovascular death81. These findings, in combination 
with the numerous genes identified with neural and/or 
cardiac development, highlight the multifactorial control 
of heart rate response in optimizing EPA.

Genetics of vascular adaptations to exercise. Both sys-
tolic and diastolic blood pressure change with acute exer-
cise in untrained and trained individuals75. With RPA, 
both systolic and diastolic blood pressure can increase 
dramatically, with blood pressures of >300 mmHg sys-
tolic and >200 mmHg diastolic documented in highly 
trained weightlifters82. By contrast, endurance exer-
cise generally elicits increases of ~30–80 mmHg and 
~6–14 mmHg in systolic and diastolic blood pressure, 
respectively83. Interestingly, the magnitude of increase 
is lessened for both systolic and diastolic blood pressure 
during acute exercise in trained endurance athletes, 
reflecting improved vascular function83. This decrease 
in vascular resistance helps to increase cardiac output 
by reducing the outflow resistance. Both acute (~25%)74 
and long-​term (~22%)75,76 blood pressure changes with 
acute and long-​term endurance training are heritable. 
Although large-​scale GWAS have been performed for 
resting blood pressure84, no GWAS with replicated 
signals have been reported for the response of blood 
pressure to exercise.

Genetics of erythrocytosis in response to exercise. Long-​
term endurance training leads to significant expansion 
of plasma volume and red blood cell mass (up to 40%), 
resulting in increased VO2 max85. Several studies suggest 
that this increase is mediated by the HIF pathway and 
erythropoietin86 (Fig. 2). In addition, replicated studies 
of endurance athletes have also identified NFIA-​AS2 as 
a mediator of erythropoiesis, with carriers of the var-
iant genotype having higher haemoglobin mass25,29. 
Separately, studies of HFEH63D have found it to be asso-
ciated with endurance performance; this variant causes 
a mild form of haemochromatosis, with increased total 
body iron levels theorized to increase erythropoiesis and 
hence oxygen-​carrying capacity87. However, while base-
line red blood cell traits have been studied thoroughly88–90 
and several erythropoiesis-​related genes have been 
linked with endurance capacity25,87, no GWAS have  
been performed on the phenotype of change in red 
blood cell traits in response to exercise91.

Taken together, targeted studies of specific inter-
mediate phenotypes that affect VO2 max have identi-
fied numerous genes and pathways involved in human 
performance, highlighting the role of the nervous 
system, skeletal muscle and cardiovascular systems. 
In particular, loci involved in muscle contraction and 
heart rate response to exercise are both enriched for 
brain-​expressed genes, emphasizing the importance of 
organized muscle recruitment (for hand-​grip strength)59 
and autonomic regulation (for heart rate response)10,11 
in optimizing human performance. By contrast, studies 

Cardiac output
The amount of blood the heart 
pumps through the circulatory 
system (measured in litres  
per minute and estimated  
by multiplying the heart rate 
by stroke volume). Cardiac 
output is one of the primary 
contributors to VO2 max.
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of cardiac function have highlighted numerous genes 
that are possible examples of antagonistic pleiotropy: 
although TTN and BAG3 may increase cardiac func-
tion during the reproductive years, there may be a later 
trade-​off whereby they confer increased long-​term risk 
of cardiomyopathies92. Further study of these genes 
within the specific context of EPA will be needed to 
validate their effects on overall human performance.

Multi-​omic changes with exercise
Multi-​omic approaches offer a different route to inves-
tigate the underlying pathways through which exer-
cise exerts its beneficial effects. Technologies now 
exist to measure epigenetic modifications and expres-
sion of mRNA, protein, metabolites and lipids on a 
genome-​wide scale. Unlike GWAS, which focus on fixed 
DNA associations with outcomes, multi-​omic measures 
are influenced by both underlying genetics and environ-
mental exposure; hence, they offer insight into gene–
environment and time-​dependent interactions. These 
studies complement GWAS and candidate gene studies 
by identifying the complex networks that a single gene 
(such as PPARGC1A) can regulate in response to acute 
exercise.

Epigenetic changes with acute and chronic endurance 
exercise. Epigenetic modifications regulate gene expres-
sion, often in response to environmental stimuli. For 
example, DNA hypermethylation is associated with 
gene silencing93, whereas histone acetylation is associ-
ated with gene expression. Hence, the study of epigenetic 
changes in response to exercise will shed light on gene 
regulatory pathways and, ultimately, phenotypic adap-
tation with chronic endurance training94. However, the 
specific epigenetic modifications elicited by exercise 
are not well elucidated14. To our knowledge, changes 
in histone modifications at specific genes after either 
an acute or chronic endurance exercise intervention 
have not yet been studied in humans; one small study 
(n = 9) showed that a single session of acute exercise 
led to a global increase in histone H3 acetylation, but 
the specific chromatin regions and/or genes affected 
were not studied95. By contrast, a single session of acute 
exercise led to a global reduction in DNA methylation96 
(which is associated with gene activation), with long-​
term endurance training causing DNA hypomethyla-
tion specifically at enhancers and regulatory (but not 
promoter) regions97. In sedentary young adults, one 
20-​min exercise session led to DNA hypomethylation 
of the promoter regions of PPARGC1A (Fig. 4), TFAM 
(a gene activated by PPARGC1A that protects mtDNA 
to promote mitochondrial biogenesis98), PDK4 (another 
gene activated by PPARGC1A, which increases fatty acid 
metabolism99) and MEF2A (encodes a transcription 
factor that modulates cardiac remodelling with exer-
cise training100)96. Chronic endurance training results 
in more heterogeneous effects on DNA methylation, 
with hundreds101 to thousands97 of genes being differ-
entially methylated compared with non-​endurance-​
trained controls. Moreover, cross-​sectional comparisons 
of elderly versus young patients showed increased 
genome-​wide DNA methylation in elderly skeletal 

muscle, with physical activity possibly preventing this 
hypermethylation102. The genes identified by these stud-
ies highlight pathways primarily related to increased 
oxidative phosphorylation, glucose intake and/or metab-
olism, and lipid metabolism, with concurrent decreases 
in expression of specific myofibril genes that likely 
reflect muscle fibre type switching96,97,101. These global 
findings support the individual and specific pathways 
that were previously identified by exercise metabolism, 
candidate gene, GWAS and animal model studies.

Transcriptome changes with acute and chronic endur-
ance exercise. In comparison with exercise-​related 
effects on the epigenome, changes to the skeletal muscle 
transcriptome in response to acute and chronic exer-
cise interventions have been well studied (Fig. 4). Two 
recent meta-​analyses, conducted on data from MetaMEx 
and ExtraMeta, showed convergent results103,104. 
Both analyses confirmed previous observations that 
PPARGC1A expression increased with acute exercise 
but remained unaltered in fit and trained endurance 
athletes, suggesting that PPARGC1A initiates transcrip-
tional changes transiently in response to acute (but not 
chronic) exercise103,104. In the MetaMEx meta-​analysis, in 
which 66 human skeletal muscle transcriptome studies  
were integrated103, genes involved in inflammation were 
upregulated in inactive participants, but expression 
of genes related to lipid metabolism and mitochon-
drial oxidative respiration decreased103. By contrast, 
trained endurance athletes had significantly increased 
expression of genes related to lipid metabolism and 
mitochondrial oxidative respiration103. The ExtraMeta 
meta-​analysis combined subject-​level data from 43 
studies of skeletal muscle and adjusted for the effects of 
potential confounders and/or mediators (such as, age, 
sex, time post-​exercise and training type) and statisti-
cal biases associated with inclusion of smaller studies 
in meta-​analyses. This approach identified transcrip-
tomic signals specific to older age and biological sex. 
In particular, older individuals had a more prominent 
inflammatory response with acute endurance activity, 
and women had greater upregulation in genes related 
to histone modification and chromatin organization. In 
addition, time series analyses identified four different 
gene networks based on time trajectory: the early gene 
network increased expression of genes related to blood 
vessel development and cellular stress response, whereas 
the early-​to-​mid gene network increased expression of 
FOXO-​mediated genes including those involved in stri-
ated muscle adaptation. Two late gene networks were 
also identified: one increased immune cell activation 
and regulation, while the other decreased expression of 
genes related to fatty acid metabolism and mitochondrial 
protein import104.

In a recent integrative study, transcriptome and 
molecular profiling of various intermediate phenotypes 
(mitochondrial content, muscle fibre composition  
and cross-​sectional muscle area) were combined in fit and  
trained (>15 years training) endurance athletes, resist-
ance athletes and healthy controls105. Transcriptome 
profiling successfully differentiated fit and trained 
endurance athletes from controls, whereas the profiles 

Antagonistic pleiotropy
Occurs when a locus or variant 
has a beneficial effect on one 
trait but confers deleterious 
effects on a separate trait.

Epigenetic modifications
Chemical alterations to  
DNA (most commonly  
by methylation) or DNA-​ 
associated histones (via 
acetylation, phosphorylation 
or methylation) that result in 
heritable changes to gene 
expression without changing 
the DNA sequence.
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for resistance athletes and healthy controls were not sig-
nificantly different from each other. In fit and trained 
endurance athletes, there was a chronic upregulation of 
genes for mitochondrial oxidative respiration (with asso-
ciated increases in carbohydrate and lipid metabolism), 
inflammatory cell migration and type I/oxidative muscle 
fibre switching105. Although male and female participants 
had differing gene regulatory changes with acute endur-
ance exercise104, the differences between female and male 
endurance athletes became much less apparent with 
long-​term endurance training105, compared with prior 
studies of a 3-​month exercise intervention39. Specifically, 
with long-​term endurance training, male athletes initially 

upregulate genes related to lipid oxidation whereas 
female athletes upregulate genes related to carbohy-
drate metabolism; however, both ultimately converge 
on a common final phenotype with increased lipid and 
carbohydrate metabolism capabilities, increased type I  
muscle fibres, and cardiac and vascular adaptations,  
hence increasing their VO2 max and EPA105 (Fig. 1).

Longitudinal multi-​omic studies of exercise. The reg-
ulation of the body’s response to exercise is variable, 
depending on the type of activity (endurance versus 
resistance), length and/or intensity of exercise, chronic-
ity (for example, acute versus fit and trained), and the 
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Fig. 4 | Summary of molecular changes with acute exercise and long-term endurance training. Numerous molecular 
changes occur in different activity states: sedentary, acute exercise and the fit and trained endurance athlete. At baseline, 
DNA for genes related to the body’s response to exercise are hypermethylated (hyper-​Me) and gene expression is silenced, 
leading to a pro-​inflammatory state with lower capacity for lipid and glucose oxidative metabolism. With acute exercise 
there is global hypomethylation and upregulation of gene pathways regulated by PGC1α and HIF1α, leading to improved 
glucose uptake and lipid metabolism. Finally, fit and trained endurance athletes have upregulation of pathways related to 
lipid metabolism and/or mitochondrial oxidation and genes related to type II to type I fibre switching. These epigenetic 
and gene expression changes lead to a final phenotype of optimized endurance performance activity (EPA) in the trained 
athlete. Ac, histone H3 acetylation; CO, cardiac output; HIF, hypoxia-​inducible factor family of transcription factors;  
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naTure ReviewS | GEnETICS

R e v i e w s

	  volume 23 | January 2022 | 49



0123456789();: 

subject’s underlying physiology (such as the presence of 
insulin resistance)103–106. To begin to unravel this com-
plicated molecular choreography, longitudinal multi-​
omic studies have been proposed, and one such recent 
study has demonstrated the ability of this approach to 
identify exercise-​related molecular patterns in gene 
expression and protein levels106. In this study, 36 partic-
ipants and 14 controls were recruited, and blood sam-
ples were collected at baseline and then at 2, 15, 30 and 
60 min after acute endurance activity. Transcriptomic, 
proteomic, metabolomic and lipidomic analyses iden-
tified numerous patterns. Early multi-​omic changes 
in response to acute endurance exercise involved pro-
cesses such as energy metabolism, oxidative stress and 
immune response, whereas later changes involved the 
energy homeostasis and tissue repair and/or remodelling 
pathways. In addition, a transient spike in inflammation-​
related proteins was identified at 15 min of recovery, 
which was positively correlated with increase in VO2 
max. IL-6 was identified as one of the candidate reg-
ulators of this immune response after acute endur-
ance activity. Despite the novel insights and potential 
demonstrated by this study for longitudinal multi-​omic 
analyses of acute endurance exercise106, there are numer-
ous limitations to consider: this study had a relatively 
small sample size; only peripheral blood was drawn for 
multi-​omics analyses; and, because it was performed 
in humans106, numerous tissues relevant to endurance 
physical activity (such as, heart and/or aorta, liver and 
nerve)107 could not be assessed.

To address these and other limitations of human-​ 
specific multi-​omic studies, the Molecular Transducers 
of Physical Activity Consortium (MoTrPAC)107 was 
established through an NIH Common Fund pro-
gramme. MoTrPAC complements the international 
Athlome Project Consortium108, and has both animal 
and human components, with an overarching goal of 
defining the molecular map associated with physical 
activity107. In the animal component of MoTrPAC, rats 
(n = 820) underwent either a single bout of endurance 
exercise or chronic endurance training before bio-
specimen collection (19 tissue types) and multi-​omic 
analyte measurements. The study design allows for 
time-​variant analyses and collection of tissues (such 
as brain, heart and arteries) that cannot be accessed in 
human volunteers107. In the prospective human com-
ponent, sedentary adult participants (n ~ 1,900) will 
undergo a bout of acute exercise and have baseline 
VO2 max and body composition assessments and bio-
specimen (blood/plasma, skeletal muscle and adipose) 
collection before being randomized to EPA training, 
RPA training or an untrained control group. After  
12 weeks of training, exercise-​related phenotypes will be 
reassessed and another set of biospecimens collected. In 
addition, both endurance-​trained and resistance-​trained 
highly active individuals will undergo acute testing and 
sample collection107. For both the preclinical and clinical 
arms, biospecimens will be collected at multiple time 
points in relation to exercise, with baseline genetics, 
transcriptome, proteome, metabolome and lipidome 
measured. Finally, there is a smaller, separate study of 
paediatric participants included within the MoTrPAC 

study107. Once completed, MoTrPAC will be among 
the most comprehensive public resources monitoring 
multi-​omic changes with acute and chronic EPA versus 
RPA. Moreover, the substudy of highly active individu-
als within MoTrPAC, in combination with the ongoing 
Exercise at the Limit—Inherited Traits of Endurance 
(ELITE) study has the potential to identify rare variants 
with large effect sizes on human performance.

Analysis of endurance athletes links the microbiome to 
exercise metabolism. A recent multi-​omic study of the 
microbiome of elite endurance athletes found that there 
was an increase in Veillonella spp. (bacteria that ferment 
lactate to the short-​chain fatty acid propionate) in ath-
letes with endurance training109. Pre- and post-​exercise 
assessments of microbiomes found a post-​endurance 
exercise enrichment in genes aiding Veillonella spp. 
in converting lactate into propionate. The same study 
demonstrated in mice that radiolabelled lactate could 
cross into the lumen of the gastrointestinal tract. 
Interestingly, both faecal transplants of Veillonella atyp-
ica and propionate supplementation in mice resulted in 
improved endurance capacity on treadmill testing109. 
These microbiome results suggest a novel link between 
the microbiome and exercise metabolism, whereby  
lactate — often misconstrued as a by-​product of anaer-
obic metabolism110 — is converted into a molecule 
with the potential to improve endurance performance 
activity109. However, the mechanism through which  
V. atypica (and/or other species) or propionate supple-
mentation lead to increased endurance capacity is not 
yet known. One proposed hypothesis is that propionate 
activates AMPK, similar to butyrate45, hence activat-
ing the PGC1α pathway of mitochondrial biogenesis111 
(Fig. 3). Further work will be required to elucidate the 
molecular mechanisms of this interaction between  
the microbiome and exercise metabolism.

Taken together, multi-​omic studies of the effects of 
exercise converge on several themes. First, there is a 
key role for PPARGC1A in the numerous physiological 
adaptations that occur with acute exercise96,97,101,103,104. 
Epigenetic and transcriptomic data align with findings 
from gene discovery studies and, when combined with 
recent microbiome data109, offer a possible integra-
tive pathway through which endurance capacity (via 
AMPK and PGC1α) is affected by host–microbiome 
interactions111. Second, both transcriptomic103,104 and 
longitudinal multi-​omic data106 provide evidence for 
upregulation of inflammatory signals with inactivity 
and ageing112. Although there is a transient increase 
in inflammatory markers with acute exercise, this is 
hypothesized to be necessary for immune cell migra-
tion to active muscles for later tissue repair and/or 
remodelling106 (which may, in conjunction with its role 
in HIF pathways, explain the prior finding of IL6 as a 
candidate gene for VO2 max13). Finally, with the fit and 
trained endurance athlete, the primary changes seem  
to be metabolic, with an upregulation in genes related to  
mitochondrial oxidative respiration (with accompany-
ing changes in carbohydrate and/or lipid metabolism) 
and muscle fibre type switching to type I/slow  
twitch105. These findings complement and extend our 
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understanding of the genetic pathways involved in 
physiological adaptation to exercise and training.

Conclusions and future perspectives
The advent of modern civilization has led to greatly 
increased human lifespans. However, as humans 
have shifted away from our evolutionary history92 of 
endurance activity optimization1,2 to largely sedentary 
lifestyles, a resultant epidemic in cardiometabolic, 
neuropsychiatric and musculoskeletal diseases (among 
many others, including cancer) has emerged, limiting 
the healthspan of the general population5. Innumerable 
studies have shown that all forms of exercise, and par-
ticularly endurance exercise, confer benefits across all 
domains of health and function6.

Integration of the recent work highlighted in this 
Review identifies genetic pathways that may underlie 
the beneficial effects of endurance exercise. GWAS of 
VO2 max have identified a common nonsense variant 
in ACTN3 (refs12,13) that causes increased type I muscle 
fibre formation and hence, improved EPA35,37. Larger 
GWAS of targeted phenotypes affecting VO2 max10,11,59,79 

highlight the role of the brain and heart in mediating 
exercise performance63. In addition, these GWAS empha-
size the possible antagonistic pleiotropy92 that exists for 
cardiac-​related genes (such as TTN and BAG3)30,69,71,72. 
Finally, longitudinal multi-​omic analyses of the body’s 
response to exercise provides evidence of the role of 
inflammation and of gene expression changes in path-
ways related to erythrocytosis (HIF1A) and oxidative 
metabolism (PPARGC1A), which ultimately result in 
switching from type II/fast-​twitch to type I/slow-​twitch  
muscle fibres105,106.

Given the benefits of exercise and the advances in our 
understanding of their molecular underpinnings, there 
has been interest in developing pharmacological agents 
to target these pathways. GW501516, an AMPK pathway 
modulator (Fig. 3), is perhaps the best-​known exercise 
mimetic, as it was abused by numerous Russian athletes, 
resulting in the ban of more than 100 athletes from the 
2016 Olympics48. Despite demonstrated efficacy in 
animal models, pharmaceutical companies have aban-
doned its development owing to the unintended side 
effect of tumour growth48. These anecdotes underscore 

Table 2 | Integration of findings at each level of multi-​omics, highlighting gaps in current knowledge

Domain Current research Future research needs

Genetics

EPA and/or VO2 max GWAS and mouse studies: ACTN3

Mouse and metabolism studies: 
PPARD, PPARGC1A, HIF1A

Gold standard (larger) GWAS

Study of elite athletes to identify rare 
variants

Study of structural and mitochondrial 
variation

Performance-​related traits Excellent GWAS for: hand-​grip 
strength, cardiac function, heart rate 
response to exercise

GWAS for erythropoiesis from exercise

GWAS of blood pressure response to 
exercise

Epigenetics

DNA modification Moderate evidence for global DNA 
hypomethylation with acute exercise

Specific hypomethylation of 
exercise-​response genes (HIF1A)

High-​throughput ChIP-​Seq studies of 
epigenetic marks

Study of epigenetic modifications other 
than DNA methylation (such as histone 
acetylation)

Role of methylation and/or biological ageing 
in response to acute exercise and endurance 
training

Histone modification Possible histone H3 deacetylation with 
exercise

–

MicroRNA – –

Transcriptomics

mRNA expression levels Excellent public resources (such as 
MetaMex and ExtraMeta)

Confirmation that PPARGC1A and 
HIF1A expression increases with acute 
exercise, but not in trained and fit 
endurance athletes

Standardized time point collection protocols

Analysis of the response of additional tissue 
to exercise (such as adipose and liver tissue)

Proteomics, lipidomics and metabolomics

Non-​targeted approaches Increased inflammatory signals/
muscle repair

Changes to energy metabolism (more 
lipid utilization)

Randomization design

Longitudinal time point collection

GWAS, genome-​wide association study; ChIP-​Seq, chromatin immunoprecipitation followed by sequencing.
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the immense complexity of exercise: despite the proven 
health benefits of exercise, we still understand very little 
of the underlying molecular mechanisms and when they 
exert their effects107.

Moving forward in exercise genomics, we believe 
there are several key areas that require attention (Table 2). 
First, the data produced for most analyses have been 
lacking in depth — this is most apparent for GWAS of 
VO2 max and endurance performance12, where sample 
sizes are ~10–1,000× smaller than comparable studies 
for type 2 diabetes113. Much larger sample sizes and an 
overall ‘gold standard’ GWAS of VO2 max is needed to 
identify non-​canonical candidate genes that may also 
affect performance, which can then be followed up with 
laboratory experimentation to tease apart mechanisms 
of action. Similarly, there have not been large studies 
examining the association of rare, structural and mito-
chondrial genomic variation with performance, all of 
which may account for some of the missing heritability 
observed for complex traits114. Secondly, there is some 
evidence that genetic ancestry might affect performance 
— for example, marathon runners of East African ances-
try dominate the competition108. Furthermore, most 
studies have focused on men, despite there being strong 

evidence of differential endurance performance by bio-
logical sex115. Hence, we argue for targeted inclusion of 
non-​European ancestry and female participants in the 
larger genetic studies outlined above. This diversity is 
of particular importance as we move towards the imple-
mentation of polygenic scores (and other multi-​omic 
measures of risk) in the clinical setting, which have been 
shown to underperform in non-​European populations116. 
Finally, given the immense complexity of exercise phys-
iology and the multi-​omic changes that occur with 
training, additional studies like MoTrPAC are needed107. 
Specifically, other studies should aim to replicate the ran-
domization, standardized longitudinal time points and 
multiple tissue-​type collection presented by MoTrPAC107. 
We strongly advocate for additional multinational, pub-
licly funded projects with similar design to better tease 
apart the molecular mechanisms through which exercise 
exerts its beneficial effects. Such studies have the poten-
tial to unravel the complex pathways that underlie the 
protective effects of endurance exercise and to identify 
molecular targets for intervention, hence improving the 
quality and quantity of life of people around the world.
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