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SUMMARY

Understanding the factors that contribute to exercise response variation is the first step in achieving the goal
of developing personalized exercise prescriptions. This review discusses the key molecular and other mech-
anistic factors, both extrinsic and intrinsic, that influence exercise responses and health outcomes. Extrinsic
characteristics include the timing and dose of exercise, circadian rhythms, sleep habits, dietary interactions,
andmedication use, whereas intrinsic factors such as sex, age, hormonal status, race/ethnicity, and genetics
are also integral. The molecular transducers of exercise (i.e., genomic/epigenomic, proteomic/post-transla-
tional, transcriptomic, metabolic/metabolomic, and lipidomic elements) are considered with respect to vari-
ability in physiological and health outcomes. Finally, this review highlights the current challenges that impede
our ability to develop effective personalized exercise prescriptions. The Molecular Transducers of Physical
Activity Consortium (MoTrPAC) aims to fill significant gaps in the understanding of exercise response vari-
ability, yet further investigations are needed to address additional health outcomes across all populations.
INTRODUCTION

Exercise, which is structured, intentional, repetitive activity

aimed at improving physical fitness, provides a potent stimulus

for physiological adaptations to multiple systems throughout

the body, irrespective of age, sex, socioeconomic, or disease

status.1–4 These positive, integrative effects of exercise signifi-

cantly impact overall disease risk, pathobiology, health status,

and outcomes. Further, they can bemodified by exercise modal-

ity, frequency, intensity, length of each exercise session, and

duration of training—factors that have been discussed in detail

previously.5

Our knowledge of the effects—and benefits—of exercise is

largely based on typical, average responses, usually inferred

from small sample sizes, with narrowly defined or prescribed

exercise stimuli with limited outcomes. Although most of the

literature focuses on aerobic exercise, which is reflected in

this review, both aerobic (dynamic activities, involving large

muscle groups, resulting in substantial increases in heart rate

and energy expenditure) and resistance (activities to increase

muscular strength, power, and endurance) exercise are dis-

cussed throughout. Studies in previously sedentary (prolonged

sitting/reclining in the absence of bodily movement) or inactive

(not meeting physical activity [PA] guidelines) individuals are

also included. Responses to exercise are dependent on a

myriad of factors, including extrinsic (e.g., environment) and

intrinsic (e.g., sex, age, and race) influences, as well as the gen-

eral components of exercise training (Figure 1). Yet, no single

study can comprehensively assess all parameters determining

exercise response variability. An essential goal is to identify
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and implement effective personalized exercise programs suited

to the individual according to their practical circumstances,

conditions, and personal goals. To accomplish this, we first

need to understand the causes of exercise response variation,

specific to the desired health outcomes. The purpose of this re-

view is to present evidence of key molecular and mechanistic

factors that influence response to exercise and associated

health outcomes so that we can eventually and successfully

implement personalized exercise as medicine to improve

health.

The documented health benefits of exercise include improve-

ments in cardiorespiratory fitness (CRF), strength, physical

function, energy expenditure, metabolism, body composition,

and mitigation of disease risk.6–8 However, it is well recognized

that these physiological and phenotypic responses to exercise

are highly variable and significantly depend on the outcome of

interest. Variations in the physiological responses to exercise

can occur for specific outcomes, such that one outcome may

significantly improve within an individual, whereas another

may not change or even worsen in the same individual (Figure

2). Before we consider the intrinsic and extrinsic factors that

drive exercise response variability, we present various exer-

cise-associated outcomes relevant to health and disease,

each of which possesses a specific response variation, and

examine the molecular changes that play a role in the exercise

response variation.

CRF
Given the importance CRF has in public health,10 understanding

its response variation is vital. CRF is perhaps the most-studied
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Figure 1. Intrinsic and extrinsic factors
contributing to individual response
variability
Responses to exercise are dependent on a myriad
of factors, including intrinsic and extrinsic in-
fluences as well as the general components of
exercise training. Intrinsic or endogenous factors
include sex, genetics, race and ethnicity, age, and
hormonal status. Extrinsic or exogenous factors
can include the exercise frequency, intensity, time
(duration), and type along with environmental
factors like circadian rhythms, sleep, health status
(and history), medication use, and diet. Each of
these factors will play distinct and additive roles
in an individual’s response to exercise, thereby
complicating the understanding of interindividual
variation. These factors further complicate the
development of personalized exercise pre-
scriptions and ultimately should be considered
when designing sophisticated studies to under-
stand individual exercise response variation.
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phenotype and clinically relevant outcome with regards to

response variation, primarily due to its strong associations with

all-cause mortality.11 To date, studies specifically designed to

explore response variability in CRF (i.e., VO2max) report signifi-

cant heterogeneity across various cohorts, supporting the heri-

tability of CRF.12 Assessing the biological variability in CRF,

like any other outcome, depends on the compliance and adher-

ence to exercise, the duration of the exercise program, exercise

intensity, volume, and other factors including baseline CRF.13–18

Investigating the exercise response variability in CRF has high-

lighted a key controversy as to whether some individuals truly

do not respond, or rather, whether this is merely part of the

response variation. This phenomenon, termed ‘‘non-response,’’

was defined by Sisson et al. and Chmelo et al. as a change by%

0 L/min,19,20 whereas Pandey and colleagues define it as a

change of <5%,21 whereas others attribute non-response to

day-to-day variability.22 Ross and colleagues defined non-

response as a change in VO2max by less than one technical error

(TE, a combination of measurement error and day-to-day vari-
ability).9 Identification of non-responding

individuals remains ambiguous due to a

lack of consensus on quantification of in-

dividual response variability to exercise.

However, some evidence suggests that

increasing exercise dose may abolish in-

dividual CRF non-response to exercise

training.23

Body composition and energy
expenditure
Exercise can alter body composition,24,25

and like CRF, these changes are highly

variable. Exercise can reduce body

weight in men and women with obesity,

perhaps related to different effects on

energy expenditure, energy intake, and

subjective hunger.26,27 Indeed, these

effects on weight and body fat remain

after adjustments for net exercise energy
expenditure and changes in energy intake.28 Murine studies

point to a genetic contribution for such response variation,29,30

and body composition and sex only account for a small portion

of exercise-induced weight loss, reduction in adiposity, and en-

ergy consumption.31 The variation in body weight, food intake,

and energy balance produced by exercise in humans, however,

remains to be determined.

Cardiovascular and metabolic disease risk
Exercise significantly improves cardiometabolic disease risk

and health status across adult lifespan. Either alone or in com-

bination with weight loss, exercise improves insulin sensitivity

and cardiometabolic disease risk in adults with obesity.32–34

The HERITAGE family study reported significant improve-

ments in outcomes relating to insulin sensitivity without weight

loss following 20 weeks of endurance exercise in healthy,

sedentary subjects.35 The variation in cardiometabolic disease

risk factors in response to exercise, however, is common. For

example, improvements in glucose homeostasis and insulin
Cell Metabolism 36, April 2, 2024 703



Figure 2. Interindividual variability in
exercise training response
(A) Graphical representation of hypothetical data
within a waterfall plot illustrating interindividual
variability with respect for change in cardiorespi-
ratory fitness (CRF) following exercise training.
Adapted from Ross et al.,9 red columns represent
a negative response in CRF to exercise training
compared with baseline. Blue columns represent
an increase in CRF to exercise training compared
with baseline.
(B) Representation of interindividual response to
identical exercise programs. Comparable subjects
in respect to age, sex, race, phenotypic, metabolic,
and genotypic profile complete identical exercise
programs. With interindividual variation in exercise
response, some subjects will respond with signifi-
cant change, as represented here by a decrease in
body fat percent (BF%), an increase in fat-freemass
percentage (FFM%), and improvements in walking
speed.Other subjectsmay not respond to exercise,
also known as ‘‘non-responders,’’ signifying vari-
ability in response to exercise training but also the
need for personalized exercise programs.
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sensitivity can be blunted in individuals with impaired glucose

tolerance and type 2 diabetes (T2D).36–38 These data support

an interaction between baseline glycemic levels and the level

of exercise-associated improvement in glucose control with

some reports demonstrating non-response in individuals with

ambient hyperglycemia.39 Moreover, the duration of T2D

also appears to impact response to exercise.6,40 Church

et al.6 reported individual variability in HbA1c in individuals

with T2D in response to resistance or endurance training.

Similarly, a recent study reported that 35% of participants

with T2D who underwent 10 weeks of supervised endurance

training showed no improvement in HbA1c or skeletal muscle

mitochondrial capacity despite ubiquitous improvements

in CRF.41 By contrast, 43% of individuals with T2D were

deemed ‘‘fitness non-responders’’ after showing no improve-

ment in VO2max following 9 months of supervised exercise

training.6,42 However, CRF improvements may not be neces-

sary to improve glycemic control as evidenced by significant

improvements in HbA1c, waist circumference, and percentage

body fat across all subjects.21 Finally, in a meta-analysis of

>1,500 individuals who underwent a supervised clinical exer-

cise intervention, adverse responses in cardiometabolic out-

comes were reported in 7% of participants.43 This ambiguity

surrounding HbA1c and exercise response is also consistent

with data from Solomon44 who identified a specific threshold

of HbA1c as a marker of lower response of exercise to

improve glycemia in patients with T2D.

The well-documented variability in exercise response, even in

studies with rigorously controlled interventions and high adher-
704 Cell Metabolism 36, April 2, 2024
ence rates,19,20,45–47 raises the key ques-

tion of which outcome(s) is(are) more

important or clinically relevant when

designing an individual’s exercise pre-

scription. Ultimately, the current health

status and goals of each individual are

paramount.
EXTRINSIC FACTORS SHOWN TO INFLUENCE
EXERCISE RESPONSE VARIATION

Timing of exercise and circadian rhythm
Numerous extrinsic factors can influence the exercise response

considering the specified outcome. From a biological or physio-

logical perspective, extrinsic means ‘‘relating to or developing

from external factors.’’ In the context of exercise, one extrinsic

factor that has garnered much attention in the past 20+ years

is exercise timing. In other words, the time of day at which one

engages in exercise can influence their response to the exercise.

Furthermore, optimizing the timing of exercise bouts could

enhance exercise performance and aid existing therapeutic

interventions for the management of cardiometabolic disease.

Exercise timing is intertwined with one’s circadian rhythm. The

human circadian system comprises a network of cellular clocks

that autonomously maintain a circadian rhythm,48–50 and the

alignment of these clocks to cellular clocks in other tissues and

external cues is critical,48,51 especially with regard to the control

of metabolic processes (e.g., blood glucose and insulin levels).

An extensive network of clock-controlled genes in skeletal mus-

cle facilitates the circadian and metabolic program, which, when

disrupted or misaligned, can lead to deleterious metabolic con-

sequences and has been extensively reviewed recently52 and

identified elsewhere.53 In general, there is a significant rise in

transcriptional activity of genes related with muscle contraction,

substrate metabolism, and mitochondrial biogenesis within a

few hours following an acute exercise bout that are all under con-

trol of the CLOCK.
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Poor sleep patterns or erratic shift work can have similar detri-

mental effects on human metabolism via indirect disruption of

the core clockmachinery.52,54,55 Exercise and PA, i.e., any bodily

movement requiring energy, have been shown to positively influ-

ence the rhythm of the clock machinery in skeletal muscle

through impacting both the amplitude and phase of circadian

rhythms56–59; however, the optimal exercise timing for cardiome-

tabolic health and the potential for exercise training to reduce the

impact of misaligned circadian rhythms are far from resolved.

Identifying an individual’s optimal time of day for exercise to

maximize their physiological response, inclusive of all tissues

beyond just skeletal muscle, may be important for implementing

personalized exercise prescriptions.

In terms of maximal exercise performance, endurance, skel-

etal muscle strength, and size all peak in the late afternoon and

evening. Even when controlling scheduling bias and environ-

mental factors, athletes competing in the early evening break

more world records.60,61 It may therefore be beneficial to align

time of exercise with the time of maximal performance. There

have, however, been conflicting results. For example, when

measured in the evening, skeletal muscle strength was similar

in subjects who trained in themorning vs. the evening.62 A recent

systematic review concluded that (1) at baseline, strength is

greater in the evening than in the morning; (2) exercise training

in the morning brings the level of strength in the morning to

that observed in the evening; and (3) training in the eveningmain-

tains the strength differences between morning and evening.63

Thus, training in the morning or evening hours may elicit similar

responses in strength regardless of the time of day at which

the testing is performed. One major limitation of this systematic

review is the wide age range in participants across the studies as

younger and older individuals are unlikely to exhibit similar re-

sponses to resistance training.64,65 This area of research is ripe

for investigations into exercise response variation employing

rigorously controlled exercise interventions.

Although extensive evidence supports the role of PA at any in-

tensity and modality in reducing mortality risk,66–68 the associa-

tion between exercise at different times of day and health risk is

less clear. In terms ofmetabolic health, blood glucose and insulin

levels fluctuate throughout the day, and results from exercise

timing studies are somewhat inconclusive and even contradic-

tory.69–71 In healthy humans, glucose tolerance demonstrates a

diurnal rhythm72 with improved glucose tolerance in the morning

compared with the afternoon and evening,73 whereas in individ-

uals with T2D and their first-degree relatives, this rhythm is blunt-

ed.74,75 Recent work has reported that blood glucose excursions

and glycemic control are more responsive to endurance training

when performed in the late afternoon and evening.71 A handful of

clinical exercise trials have reported either a greater reduction in

glucosewith afternoon or evening exercise69–71 or no differences

in glucose among the groups training at different times of the

day.50,76 By contrast, one study reported a more robust meta-

bolic effect of morning exercise compared with night exercise,77

whereas a similar clinical exercise trial found that both morning

and post-meal walking tended to be more effective in improving

24 h glycemic control than afternoon walking, with post-meal

walking being the most effective.69 It is worth noting that many

of the conclusions around time-of-day effectiveness on meta-

bolism and glycemic control have been largely based on indirect
comparisons among several studies,78 thus highlighting the

need for more prospective randomized controlled exercise trials

(RCTs) in large cohorts of humans to decipher the optimal effi-

cacy of exercise timing for maximal benefits in metabolic health.

Sleep
Regular adequate sleep contributes to many health benefits

ranging from consolidation of memory to removal of free radicals

and neurotoxic waste,79–81 which are potentially related to

improved exercise adaptation82 and performance.83 By

contrast, poor sleep of insufficient quantity is associated with

an increased risk of T2D and obesity.79,84–87 In coordination

with other factors, sleep may also impact exercise response

with respect to CRF, skeletal muscle strength, metabolic ho-

meostasis, and cognitive processing.78,88 Few studies, however,

have identified direct relationships between sleep deprivation

and exercise performance. For example, no differenceswere de-

tected for maximal neuromuscular or aerobic performance (i.e.,

strength, force development, and CRF) following 60 h of sleep

deprivation in young males (26 ± 2 years),89 which corroborates

with previous literature.90 Yet in similarly aged men (18–28

years), sleep deprivation reduced submaximal aerobic perfor-

mance by �7%, maximal heart rate by �6%, and maximal iso-

metric strength by �17%.89,91,92 These findings point to the po-

tential role of vagal hyperactivity in lowering heart rate at rest and

during submaximal workloads following sleep deprivation, akin

to functional overreaching in athletes.93 Further, a depletion of

skeletal muscle glycogen stores following sleep deprivation

translated to performance impairments, potentially due to

reduced substrate availability.94 Although the evidence in rela-

tion to sleep and physical performance is lacking, compelling

data suggest sleep deprivation can adversely impact cognitive

function, which is integral to overall exercise performance, deci-

sion-making, and central motivation.95 The timing of sleep

restriction (i.e., early wake or late sleep) may also impact PA, en-

ergy intake, and certain metabolic factors, whereby recovery

sleep was able to rescue the adverse effects on glucose meta-

bolism, although a bout of aerobic exercise did not.96,97 Although

less data are available on sleep extension, increased sleep

duration reduced energy intake resulting in a negative energy

balance in adults with overweight.98 Future investigations should

examine the relationships between sleep restriction or extension

on exercise response and health outcomes.

Diet interactions
There is currently considerable interest in time-restricted eating

or intermittent fasting as alternatives to conventional energy re-

striction strategies for weight loss and improving metabolic

health. The timing of nutrient intake can also be impacted by

ethnicity or religious practices, such as Ramadan fasting. One

consequence of fasting is a shift in substrate utilization from

glucose to fatty acid oxidation in peripheral tissues corroborated

by gene expression patterns, ultimately impacting metabolism

and exercise performance. A recent review including 46 studies

addressing exercise performance and metabolism in the fasted

vs. fed state indicated that pre-exercise feeding enhanced pro-

longed, but not shorter, duration aerobic exercise perfor-

mance.99 When compared with the fed state, metabolic effects

of acute exercise following an overnight fast included reduced
Cell Metabolism 36, April 2, 2024 705
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energy intake, circulating lipid (triacylglycerol [TAG] and free fatty

acids [FFAs]), and liver fat with improved glycemic control.99,100

Within skeletal muscle, exercise while fasting elicits a decrease

in glycogen and increased intramyocellular lipid (IMCL) utiliza-

tion, together with increases in GLUT4 (glucose transport),

FAT/CD36 (fatty acid transport), CPT1 (fatty acid transport),

PDK4 (glucose metabolism), and AMPK (energy sensing)

expression.101,102 In adipose tissue, all but CPT1 and AMPK

were increased, along with FFA utilization and IRS2 (insulin

signaling) gene expression and protein content.103 It is less clear

whether these same effects are observed with chronic adapta-

tion. Some studies have reported increased glycogen content,

confirming the acute effect of decreased glycogen use and

increased GLUT4, FAT/CD36, and FABP (fatty acid transport)

protein levels.104,105 Further research is needed to investigate

the chronic metabolic effects of exercise in the fed state before

we know whether it is more advantageous to exercise while

fasted.

The timing of nutrient intake may be an important strategy for

optimizing exercise responses,106 particularly carbohydrate

intake to ensure adequate glycogen storage, and protein intake

for muscle protein synthesis.107 It is well established that

glycogen preloading protects against glycogen-associated

exhaustion during endurance exercise, and consumption of car-

bohydrates post-exercise optimizes glycogen repletion.107–109

This is particularly important when limited time elapses between

subsequent bouts of endurance exercise. Indeed, skeletal mus-

cle glycogen availability appears to play a role in subsequent

endurance capacity and in situations when carbohydrate inges-

tion is sub-optimal. Further, adding protein during post-exercise

recovery may be beneficial for restoration of skeletal muscle

glycogen and thereby exercise performance.108 Post-exercise

consumption of carbohydrate and protein together has been

shown to improve exercise performance, protein synthesis,

and intracellular signaling for protein synthesis.110,111 Protein

intake is important for resistance training, exhaustive endurance

exercise, and eccentric activities.107 Finally, some evidence sug-

gests that ingestion of whole foods containing protein, vitamins,

minerals, and other macronutrients may better stimulate post-

exercise skeletal muscle protein remodeling compared with pro-

tein alone.112

In addition to protein and carbohydrate recommendations, the

macronutrient composition of the diet and specific nutrients

likely influence exercise outcomes. For example, low-carbohy-

drate, high-fat diets have been thoroughly studied for treating

obesity and reducing cardiometabolic disease risk. The propen-

sity of this diet to induce loss of skeletal muscle mass, along with

reducing carbohydrate availability, however, may raise con-

cerns. Indeed, several studies have examined the effect of

low-carbohydrate diets on exercise performance and lean

mass.113–115 A 10-week RCT examining a low-carbohydrate

diet and exercise revealed no significant effect on body compo-

sition, CRF, or cardiovascular risk factors compared with a

normal diet.113 A similar 8-week intervention resulted in small im-

provements in VO2max but greater losses of lean mass with a

low-carbohydrate diet.114 A short 4-week study examining the

effects of a very low-carbohydrate diet on high-intensity interval

training (HIIT) responses revealed minimal effects on VO2max

and heart rate and no effect on time to exhaustion.115 Overall,
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the evidence from these short-term studies demonstrated that

the effects of a low-carbohydrate compared with a normal diet

are relatively small, yet further studies in larger cohorts with

extensive dietary control and greater phenotyping of cardiome-

tabolic and health outcomes may produce larger effect sizes.

Many studies have examined the effects of various supplemen-

tation on improving exercise performance and recovery,

including (but not limited to) creatine, ketones, branched-chain

amino acids (BCAAs), and antioxidants like vitamin C or E. These

nutrient-exercise interactions have been reviewed else-

where109,116,117 and remain a key avenue of research that may

uncover dietary, macronutrient, or micronutrient interactions

driving variability in exercise response.

Pharmacological treatments/medications
Multiple pharmacological therapies and medications ranging

in their target application can impact exercise capacity and

response. Over the counter, nonsteroidal anti-inflammatory

drugs (NSAIDs) are widely used and may impact individual

response to exercise.118 Specifically, chronic,118–121 but not

acute,122 use of NSAIDs promoted greater skeletal muscle

mass and strength gains than placebo in older men and

women (60–78 years) following resistance training. However,

it is unclear if the same effects would be observed in individ-

uals with less chronic inflammatory stress, which often char-

acterizes inactive older individuals.123 Aspirin also inhibited

the same prostaglandin/cyclooxygenase pathway in young,

healthy men and women (25 ± 2 years) completing resistance

and aerobic exercise, although this occurred in a sex-depen-

dent manner.124

Other widely used medications, including metformin and sta-

tins, have also been reported to impact exercise response.125

Metformin reduces blood glucose predominantly through reduc-

tions in hepatic glucose output but also impacts skeletal muscle

through inhibition of mitochondrial enzymes,125,126 activation of

5’ adenosine monophosphate-activated protein kinase

(AMPK),127 and blunting of pro-inflammatory cytokines inmacro-

phages.128 Although metformin has been studied for over 70

years,129 the literature describing the effects of metformin on ex-

ercise response are inconsistent. Some reports indicate that

resistance and aerobic exercise combined with metformin

work antagonistically with respect to exercise effects on insulin

sensitivity, CRF, and skeletal muscle mitochondrial respira-

tion.130–134 The MASTERS trial demonstrated blunted skeletal

muscle hypertrophy in older participants (64–91 years) taking

metformin during a 14-week progressive resistance training pro-

gram, although this did not translate to reduced strength

gains.135 In healthy, young adults (28 ± 3 years), 1 week of met-

formin treatment significantly reduced CRF, and other factors

associated with maximal exercise capacity compared with a

placebo.136 This finding was extended into medication-naive in-

dividuals with prediabetes.131 Alternatively, minimal effects of

metformin on exercise response have also been reported.136–140

These inconsistencies may be due to differences in glycemic/

diabetes status, duration of disease, or medication use,141,142

heterogeneous impacts on skeletal muscle mitochondria,130

IMCL,143 or the age of the participants.144 Interestingly, com-

bined metformin and statin use in subjects who participated in

the Metformin to Augment Strength Training Effective Response



ll
Review
in Seniors (MASTERS) trial resulted in the rescue of metformin-

related impairments in growth response to progressive resis-

tance training but did not impact strength.145 Statin use alone

is also associated with impairments in aerobic and resistance

exercise training adaptations in some,125,146,147 but not

all,148–151 studies. Despite improvements in metabolic syndrome

and fat oxidation, blunted aerobic exercise effects on CRF have

been reported in both chronic152 and naive125 statin users when

compared with exercise without statins.152 Alternatively, older

individuals (72 ± 5 years) on a statin improved their skeletal mus-

cle fatigue resistance149 and increased lean muscle mass151

more than non-statin users following 6 or 12 weeks of resistance

training, respectively. Finally, myalgia is a common occurrence

in statin users,153 and managing side effects is key to promoting

and supporting both structured exercise and leisure PA.

Glucose-lowering medications including sodium-glucose

cotransporter 2 inhibitors (SGLT2i), glucagon-like peptide-1

(GLP1) agonists, and combination therapies are also commonly

prescribed, yet little is known about their impact on exercise

response in humans. A recent report in rats with T2D suggested

a synergistic effect of SGLT2i and exercise on improving indices

of glycemic control and submaximal exercise capacity.154

SGLT2i alone improved parameters associatedwith exercise ca-

pacity in patients with heart failure.155 However, combined with

exercise training, SGLT2i was ineffective in improving CRF

more than placebowith improvements in insulin sensitivity atten-

uated.156 With regards to GLP1 agonists, improvements in CRF

were reported in sedentary patients with T2D taking liraglutide or

placebo, combined with 16 weeks of aerobic and resistance ex-

ercise.157 Medications targeting cardiovascular health may also

impact response to exercise training and have been reviewed

elsewhere.158,159

Finally, anabolic androgenic steroids, a commonly used drug

among recreational athletes and bodybuilders,160,161 are re-

ported to increase protein synthesis162 leading to enhanced

skeletal muscle size and strength.163,164 A placebo-controlled

RCT demonstrated that supraphysiologic doses of testosterone

administered for 10 weeks in healthy eugonadal men resulted in

increased lean mass and strength, particularly when combined

with resistance training.164 These effects are reported to be

similar in healthy older males,165–167 and correlate linearly with

dosage, without evidence of plateau.168,169 An observational

study in men who chronically used anabolic steroids supported

these findings.170 Although women do report using anabolic

androgenic steroids,160 little research is available describing

the effects on exercise performance in women. Despite the po-

tential for negative long-term consequences on health, the com-

bination of testosterone replacement and exercise may be a

promising intervention in clinical populations.171–173

Summary of extrinsic factors
Extrinsic factors influencing variations in exercise response

include exercise timing, circadian rhythms, sleep, diet, and

pharmacological interactions. With regard for exercise timing,

late afternoon and evening exercise may optimize endurance,

skeletal muscle strength, and size. Yet, timing effects on

glucose metabolism remain ambiguous, and conflicting find-

ings highlight the need for further investigations, especially

considering age-related variations and the potential for diet in-
teractions, which renders dissection of these effects difficult.

Sleep patterns, which are crucial for optimal health, also

impact exercise response, although research on sleep and ex-

ercise performance is limited. Regarding nutrient timing and

macronutrient composition, the literature emphasizes the

importance of adequate carbohydrate and protein intake for

optimal exercise performance and recovery. Eating strategies

like intermittent fasting and time-restricted feeding are gaining

interest, but their chronic effects on exercise remain underex-

plored. Depending on the selected outcome, drug interactions

exert both positive (NSAIDs, statins, GLP1, anaerobic ste-

roids) and negative (metformin, statins, anaerobic steroids) ef-

fects on exercise response. Inconsistencies in the literature

emphasize the need for further research on medication-exer-

cise interactions. Overall, understanding these extrinsic

factors is crucial for tailoring exercise recommendations and

optimizing health outcomes.

INTRINSIC FACTORSSHOWNTO INFLUENCEEXERCISE
RESPONSE VARIATION

Sex
Intrinsic factors can drive response variation to exercise. From

a disease perspective, intrinsic means ‘‘not attributable to any

external or environmental factor.’’ Clear sex differences in

response to exercise have been documented.5 However, given

historical bias toward the study of males in clinical and physiolog-

ical research, understanding and comparing the physiological ad-

aptations to exercise in both sexes is a critical knowledge gap that

must be addressed. Here, we refer to sex as its socially con-

structed, binary definition of male and female but recognize

gender-diverse individuals and the complexities this contributes

to understanding exercise response variation. How sex influences

exercise response will depend on the specific outcomes; some

may show sex differences while others will not. Selected adaptive

responses to exercise are similar between sexes, with endurance

exercise eliciting improvements in CRF, resistance exercise elicit-

ing improvements in physical function, and both exerting an over-

all benefit to metabolic state. However, the mechanisms to elicit

these responses may be different among sexes.174,175 Skeletal

muscle, for example, has been shown to adapt to exercise quite

differently betweenmales and females.176,177 Females, in general,

have lower CRF in comparison with males178,179 and may have

different exercise adaptations in cardiorespiratory factors,

including increased heart rate and arteriovenous blood sup-

ply.180,181 Females may also oxidize proportionally more lipid dur-

ing exercise when compared with males.182,183 Sex differences

are particularly important when we consider the interaction be-

tween sex and age in the response variability to exercise in the

goal to prescribe individualized exercise programs.

Age
PA levels and CRF generally decline with age184 with an esti-

mated rate of 1% reduction in VO2max per year after age

40.185 Skeletal muscle mass and strength decrease186–189 while

the risks of chronic disease and metabolic dysfunction in-

crease.188 Exercise can prevent or delay some age-related

chronic diseases,190 thereby increasing healthspan191 as re-

ported in exercise-trained older subjects.189,192 Chronic PA
Cell Metabolism 36, April 2, 2024 707
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may mitigate many age- and physical inactivity-related declines

in physical function, exercise efficiency, and skeletal muscle

mitochondrial energetics,192–194 although these effects may be

intensity-dependent.195 Conversely, the effects of aging can

impact the ability to perform and adapt to exercise; in older indi-

viduals, these responses may be preserved,196–202 exagger-

ated,197,203 or blunted,189,192,193,197,204 specific to the physiolog-

ical systems in question (i.e., cardiovascular, skeletal muscle,

endocrine systems).

With regard to trainability of the cardiorespiratory system,

healthy older men and women (60–71 years) improved CRF

�20% following 9–12 months of aerobic exercise, which was

similar to responses observed in young people.196 Yet the litera-

ture is inconsistent; while others have described similar

findings,200,205 both lesser improvements in VO2max193,195 and

greater relative increases in exercise efficiency and VO2 kinetics

than younger counterparts193,206,207 have been reported. These

results may be related to changes in skeletal muscle mitochon-

drial function and content, which are reduced with age,208–210

but only partially rescued in endurance-trained older

adults,192,210,211 and can increase with exercise in inactive older

individuals189,192,195 similar to young adults.195,205 Altogether,

the effects of age on exercise response are highly heteroge-

neous and likely depend on multiple factors. For example, base-

line values not only play a role in the ability to adapt to exercise

training but also the rate at which an individual declines naturally

with age.191,212,213Highly trained older adults experience a

higher rate of decline in CRF when compared with healthy,

sedentary adults of the same age (+50 years),214,215 although

not all studies support these observations.216

Skeletal muscle mass and function deteriorate with age both

through disuse (age-independent)194 and anabolic resistance

(age-dependent).197,217 Anabolic resistance consists of a blunt-

ed muscle protein synthesis response following resistance exer-

cise in older men (70 ± 5 years) compared with BMI-matched

younger men (24 ± 6 years).197 Despite these and other find-

ings,204,218,219 aerobic,195,220 resistance,195,221–224 or combined

training195 in older individuals likely elicits beneficial skeletal

muscle adaptations, including increased muscle cell size,

strength, and power.

Older individuals generally have favorable exercise-induced

adaptations in insulin sensitivity and other cardiometabolic risk

factors,195 but they often fail to reach levels observed in younger

subjects,225–227 potentially due to body composition factors,

namely adiposity.211 With regard to aging and cognition, an

fMRI image task analysis demonstrated that greater strenuous

PA and CRF in older individuals were protective against some

age-associated declines in cognitive and brain function, yet

this effect was not global.228 Although reduced plasticity with

age might constrain the response when compared with younger

participants,204,217,219 older adults still demonstrate improved

CRF and skeletal muscle mitochondrial function, strength and

lean mass, metabolic, and cognitive outcomes with exercise

training.

The Health, Risk Factors, Exercise Training and Genetics

(HERITAGE) study, which included sedentary subjects (17–65

years), reported that age accounted for almost 4% of the vari-

ation in CRF following 20 weeks of aerobic exercise.229

Although the age-related factors that impact exercise response
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in adolescent, young adults, and middle-aged individuals are

unclear, reduced CRF in early life can increase risk for cardio-

vascular disease later in life.230 Exercise also benefits brain

development and cognition throughout life,231 although larger

effect sizes have been reported in the exercise effects on

cognition and age in younger individuals as compared with

older individuals.232,233 Unfortunately, in addition to older

adults, children, adolescents, and young adults are not meeting

PA guidelines234 and rates of obesity and chronic disease are

on the rise.235 Other factors that may impact exercise response

in young people include puberty and endocrine factors, daily

PA levels and body composition, and metabolic exercise ca-

pacity, especially in young children. Further investigation is

needed to understand how exercise response varies in younger

aged groups, which ultimately will be fundamental to our under-

standing of risk reduction for disease and physical dysfunction

throughout life.

Hormonal status
Although exercise elicits changes in hormone production, natu-

ral fluctuations in basal hormone levels and metabolism are

intrinsic factors that can significantly impact exercise perfor-

mance and the exercise response, especially as it pertains to

cardiometabolic health outcomes. For example, in male recrea-

tional cyclists, performance was superior in the evening versus

the morning hours, yet the noradrenaline response was higher

in the morning time trial,236 indicating that the time of the day im-

pacts hormonal response to exercise. In a separate study in

healthy, untrained men, plasma testosterone and cortisol dis-

played diurnal variations before and following a maximal aerobic

effort throughout the day, although the magnitude of the

response was similar between the evening and the morning ex-

ercise bouts.237 The testosterone:cortisol ratio, however, was

higher in the evening rather than in the morning. From these find-

ings, one could speculate that acute diurnal variations in

response to resistance exercise may be influenced by fluctua-

tions in circulating testosterone and/or cortisol. By contrast,

studies in previously resistance-trained and -naive men found

that rises in anabolic hormones (e.g., testosterone) post-acute

exercise were not related to or indicative of exercise-mediated

gains in skeletal muscle mass or strength.238–243 Thus, the phys-

iological relevance of these diurnal rhythms and fluctuations in

hormones and their potential impact on exercise outcomes re-

mains debatable.

The exercise-associated vascular endothelial adaptations can

also be modulated by sex hormones. Clinical exercise studies in

older men have demonstrated that macro- (brachial artery flow-

mediated dilation) and microvascular (forearm blood flow

response to acetylcholine) endothelial function were enhanced

by regular endurance exercise.244 Similar exercise benefits

were diminished or completely absent in post-menopausal

women,244 which may be connected to the drastic decrease in

circulating estrogen. In previously sedentary, post-menopausal

women, moderate-intensity exercise improved endothelial func-

tion, but only in participants treated with estrogen.244 Thus, the

exercise signal may be ‘‘recoupled’’ or reconnected via estrogen

to elicit favorable adaptations in endothelial function. A related

study found that endurance exercise had no effect on vascular

oxidative stress and its tonic suppression of endothelial function
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in post-menopausal women without high circulating estrogen,

whereas oxidative-stress-related suppression of endothelial

function was ameliorated with endurance exercise in women

with high circulating estrogen.245 In summary, endurance exer-

cise in older men enhanced antioxidant defenses and increased

resistance to oxidative stress with subsequent improvements in

endothelial function, whereas in post-menopausal women,

vascular adaptations to endurance exercise were diminished

following menopause-related declines in estrogen. These mal-

adaptations within the vascular system in post-menopausal

women may be due to a failure of endurance exercise-associ-

ated adaptations in antioxidant defenses, which help to mitigate

vascular oxidative stress.

A relatively new theory in this field of research is the ‘‘exer-

cise timing hypothesis’’246 which proposes that greater

vascular function improvements in women may be attained if

exercise training is initiated in middle age, soon after meno-

pause, rather than several years (5–10 years) after the onset

of menopause. This rationale originates from observations in

studies of women at or beyond middle age, showing no

improvement in cardiovascular function after a period of exer-

cise,180,245,247 however, other studies show a substantial

improvement.248–250 One difference in the design between

these studies was the age of the women, where vascular ben-

efits were achieved in ‘‘early’’248,249 but not ‘‘late’’245,251 post-

menopausal women. Moreover, skeletal muscle estrogen-

related receptor-a (ERRa) may be involved in adaptations in

the early but potentially not in the late post-menopausal

period.246,249 Another prospective reason for a timing effect

could be garnered from studies on hormone replacement ther-

apy252; preventing the decline in cardiovascular health may be

easier to achieve than reversing established dysfunction in the

vascular system. These striking data support exercise-related

benefits to the vascular system as critical to overall health

benefits of exercise and suggest that future investigations

examining exercise adaptations and variation, particularly as

they relate to vascular outcomes, should consider changes

in sex hormones, oxidative stress, and onset of exercise

training.

There is a long line of evidence that pre- vs. post-menopause

levels of estrogen influence energy expenditure and substrate

metabolism, specifically fat oxidation.253 Experimentally

reducing estrogen levels in women decreases leanmass and en-

ergy expenditure and increases central fat mass.253 Preliminary

evidence suggests that maintaining regular exercise during the

menopausal transition may be an effective strategy for mini-

mizing some of the changes in body composition associated

with estrogen loss. Exercise does not, however, appear to pre-

clude the decrease in resting energy expenditure that occurs

with loss of estrogen. Some evidence suggests that estrogen

therapy may increase moderate-to-vigorous PA (MVPA), which

may ultimately work in combination to restore energy expendi-

ture during menopause.254 Pre- vs. post-menopausal status

also likely influences transcriptional responses to exercise in

women, but this is yet to be determined. It is evident that more

work is needed in this area of research to determine the role of

hormones in the molecular and physiological adaptive re-

sponses to exercise in men, women, and in gender-diverse

populations.
Race/ethnicity
Regardless of ethnic origin, aerobic capacity is inversely related

to disease risk and is a strong predictor of all-cause mortal-

ity.255,256 Non-Hispanic Black (NHB) individuals have been

shown to have lower CRF when compared with non-Hispanic

White (NHW) individuals.257–261 PA plays a major role in aerobic

capacity, but a limitation of most studies in NHB is that an objec-

tive assessment of free-living PA is not obtained. The cardiore-

spiratory system and skeletal muscle/metabolic properties are

also major determinants of aerobic capacity. With regard to ox-

ygen delivery, differences in hemoglobin levels have been shown

to be associated with lower CRF in NHB, but they do not fully

explain the racial difference.259 In addition, myofiber type also

differs by race with NHB possessing greater type II fibers than

NHW.262,263 Despite these differences, our group and others

have found that lower relative VO2max in young, healthy NHB

women compared with NHW women was associated with lower

skeletal muscle mitochondrial respiration.262,264 Despite lower

baseline CRF in NHB, the HERITAGE study reported similar re-

sponses following 20 weeks of endurance training in NHB and

NHW.257 The HERITAGE and dose-response to exercise in

women (DREW) studies reported that in NHW and NHB women,

race only explained 1.0%–5.1% of the total variability in absolute

CRF response to exercise, depending on the dosage.265 Socio-

economic status, which is correlated with physical function and

health outcomes in older adults,266–268 is also strongly related to

race,269 and understanding the independent effects of race on

health-related outcomes is challenging. Less is known about dif-

ferences in exercise response in other ethnic groups,270–272 yet it

is clear that race and ethnicity play a role in baseline and acute

exercise differences and likely contribute to exercise response

variability.

Genetics
A meta-analysis of twin-sibling studies from childhood to

adulthood found that genetic factors accounted for over half

of the variability in CRF.264 Although genetics have been

shown to play a large role in this variability, research utilizing

candidate gene and genome-wide association studies

(GWASs) approaches have failed to determine the genetic pre-

dictors of CRF changes in response to exercise training.273

HERITAGE subsequently reported a maximum heritability esti-

mate for VO2max response to an exercise program was 47%,

and maternal transmission was as high as 28%.45 The authors

suggested that this high maternal influence raises the possibil-

ity that mitochondrial DNA (mtDNA) is involved in the exercise

response heterogeneity. This group later reported that mtDNA

sequence variations may contribute to individual differences in

both the baseline levels and the trainability of VO2max.274 A

recent HERTIAGE analysis in NHW subjects examined

whether mtDNA haplogroup or sequence variation differed be-

tween individuals characterized as low (LR) or high responders

(HR) in VO2max.275 Individuals in the LR and HR groups were

found to have different mtDNA haplogroup subtypes; hap-

logroup J was not present in HR but had the highest preva-

lence in the LR group. In addition, 10 single nucleotide poly-

morphisms (SNPs) not associated with mtDNA haplogroup

showed significantly different variant frequencies between

the LR and HR. In a more recent study, mtDNA haplogroups
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were found to differentiate response to exercise in 1,036

Finnish military conscripts, with haplogroups J and K shown

to be markers of LR in exercise training.276 Lower VO2max

has been reported in NHW individuals with haplogroup J

compared with non-J, and a higher VO2max has been

observed in individuals with haplogroup H.277,278 Furthermore,

skeletal muscle mitochondrial respiration has been shown to

be lower in cybrids with haplogroup J compared with

H.279,280 Thus, haplogroup J is associated with lower skeletal

muscle mitochondrial respiration, lower cross-sectional

VO2max, and a lower response to exercise training. These

findings support the concept that mtDNA haplogroup explains

variation in cross-sectional and longitudinal changes in

VO2max that may impact physical function. However, investi-

gations examining the impact of genetics and mtDNA hap-

logroups on other exercise outcomes are lacking, a knowl-

edge gap providing opportunity for future research.

Summary of intrinsic factors
Intrinsic factors influencing variations in exercise response

include sex, age, hormonal status, race/ethnicity, and genetics.

Until recently, the exercise literature has been heavily biased to-

ward the inclusion of men, yet evidence supports dimorphic

mechanisms in exercise responses in males and females, with

variations in cardiovascular and metabolic outcomes. The litera-

ture clearly demonstrates age-related declines in physical func-

tion, muscle mass, and metabolic efficiency, and a wide hetero-

geneity in exercise response exists among older adults. Some of

these effects may be in part due to hormonal changes. For

example, estrogen levels in menopausal females blunt vascular

adaptations to exercise and influence substrate use. In men,

testosterone and cortisol appear to influence exercise perfor-

mance in a diurnal fashion. Race and ethnicity contribute to

baseline differences in aerobic capacity, with NHB having a

lower CRF, but studies show similar exercise responses among

different racial groups. Finally, genetic factors, including mtDNA

variations, play a significant role in exercise response heteroge-

neity. Despite efforts to identify genetic predictors of exercise

response, the complexity of genetic influence remains a chal-

lenge. In summary, the interplay of sex, age, hormones, race,

and genetics contributes to the diversity in exercise responses.

Our understanding of these factors is crucial for prescribing indi-

vidualized exercise programs and optimizing health outcomes

across different populations.

HOW DO THE MOLECULAR TRANSDUCERS OF
EXERCISE EXPLAIN THE VARIABILITY IN
PHYSIOLOGICAL AND HEALTH OUTCOMES?

Genomic and epigenomic
Variation in physiological responses to exercise are in part

shaped by genetic code (i.e., genetics) and the mechanisms by

which it is transcribed, translated, and post-translationally modi-

fied (i.e., epigenetics).9,281,282 Epigenomic programming or

‘‘memory’’ in tissues can be influenced by stimuli, throughout

the lifespan, that modulates the intra- and intercellular metabolic

environment.283 Epigenetic changes are reversible, and can

impact how your body reads (i.e., transcribes) a DNA sequence

through numerous actions including DNA methylation, histone
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modifications, changes in chromatin structure, and the tran-

scription of DNA into RNA.

The promoter regions of key genes involved in substrate meta-

bolism can be hypomethylated following a single voluntary skel-

etal muscle contraction, which results in increased transcription

and subsequent protein translation and action.53 This estab-

lished response lends itself to speculation that key substrate

metabolism genes with hypermethylated promoter regions

may blunt a contraction response (such as during exercise),

thereby contributing to the lack of exercise-induced metabolic

improvements. Baseline differences in skeletal muscle transcrip-

tional profiles have been linked to exercise response variation,

whereby HR exhibited 70% greater upregulation of mitochon-

drial-related gene expression compared with LR.42 Maintenance

of the donor’s metabolic phenotype in myogenetic progenitor

cells enables in vitro investigations of cell-autonomous contribu-

tions to exercise response variation. Using this human cell

model, pre-exercise differences in DNA methylation and tran-

scriptomic profiles were related to exercise response variation

in clinical risk factors in individuals with T2D.41 Ultimately, it is

important to consider the complicated relationship between epi-

genomic programming of skeletal muscle (and other tissues) and

metabolic milieu across the lifespan, which may impact the de-

gree of exercise-associated adaptations to standardized inter-

ventions. Prior to an exercise intervention, the identification of

response variation predictors, whether genetic or epigenetic,

may aid in the implementation of targeted exercise interventions

and prescriptions.

Proteomic and post-translational modifications
Exercise-induced skeletal muscle contractions can change the

cellular proteome with a gradual alteration in protein content

and enzymatic activity.211 Such adaptations drive the intercel-

lular responses and ultimately, the systemic effects of acute

and chronic exercise training.284 Chronic endurance training up-

regulates skeletal muscle mitochondrial capacity for ATP gener-

ation,285 vascularization,286,287 intracellular signaling,288 oxygen

delivery, antioxidant capacity, remodeling of contractile pro-

teins,289,290 and the regulation of mitochondrial protein syn-

thesis.291

Several proteins and signaling pathways within skeletal mus-

cle may play an integral role in exercise response variability.

For example, the mammalian target of rapamycin (mTOR)-

p70S6K axis is activated by resistance exercise and skeletal

muscle contraction292,293 to increase muscle mass and the

rate of muscle protein synthesis.294 By contrast, the ubiquitin-

proteosome pathway, via the action of E3 ubiquitin ligases, atro-

phy F box (atrogin-1/MAFbx), and muscle RING finger 1

(MuRF1), plays an integral role in the regulation of skeletal mus-

cle degradation. The translocation and activation of FOXO pro-

teins have proven to be fundamental in the upregulation of these

atrogin-1/MAFbx and MuRF1 proteins resulting in skeletal mus-

cle atrophy.295 These proteins are known to transiently fluctuate

in transcriptional expression during recovery from acute exer-

cise, demonstrating the importance of timing in sample

collection.296,297

Exercise impacts the translational expression of fundamental

proteins to coordinate myogenesis and mitochondrial biogen-

esis298,299 to alter carbohydrate and lipid metabolism300 and
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enhance ATP generation.301 Post-translational modifications are

key mechanisms governing these exercise responses. Acute ex-

ercise has been shown to significantly phosphorylate proteins

relating to cellular energetics. For example, Hoffman et al.302 em-

ployed global phosphoproteomics to identify 1,004 unique phos-

phoproteins on 562 proteins implicated in exercise signaling.

Needman et al.,303 subsequently generated a comprehensive

phosphoproteomic dataset of exercise and insulin signaling in

human skeletal muscle to show individual variation in responses.

Though few studies have explored the exercise effects on the

proteome in subjects with metabolic dysfunction, key proteomic

differences between patients with and without T2D, predomi-

nantly relating to energy metabolism via glycolysis, b-oxidation,

electron transport chain, and reduced nicotinamide adenine

dinucleotide (NADH) shuttling have been reported.304 Similarly,

Vanderboom and colleagues305 demonstrated that obesity af-

fects the exercise-responsive phosphoproteome. Although Sa-

vikj et al.71 demonstrated that timing of exercise training impacts

proteomics responses. Additional studies are needed to under-

stand how these important protein phosphorylation and other

post-translational modifications responses can be translated to

personalized exercise prescription.

Transcriptomic
Repeated transient increases in mRNA transcripts are likely a

foundation of cellular and systemic exercise-induced adapta-

tions.3 In humans, the transcriptomic response to exercise

has been studied in blood,306 skeletal muscle,307–310 and oc-

casionally other tissues such as adipose tissue.311,312 The

ability to assess the role of transcriptomic responses to acute

and chronic exercise has been limited by small sample sizes

and relatively homogeneous target populations. Recent

meta-analyses have described modality-specific and time-

dependent transcriptomic effects of exercise.313,314 These re-

sults are corroborated by recent data from exercise-trained

rats from the Molecular Transducers of Physical Activity in Hu-

mans (MoTrPAC) study.315 A recent single-nucleus, multi-omic

analysis of human skeletal muscle before and after a bout of

aerobic exercise (70% VO2max) identified specific gene and

transcriptional responses including a distinct role of peroxi-

some proliferator-activated receptor delta (PPARd) in fast-

twitch fibers.316 Although variability exists in the timing of

gene induction, the peak usually occurs 4–8 h post-exercise,

with return to baseline after 24 h,317 although this varies

across tissues.315 Transcriptomic responses to exercise are

also unique across metabolic states, ages, and sexes, and

each of these variables can impact an individual’s response

to exercise.313,314

The response of CRF to exercise training has been associated

with baseline skeletal muscle gene expression.318 These predic-

tor genes may regulate transcriptional networks required for ex-

ercise adaptations and thus partially explain individual variability

in responses. Indeed, these predictor genes were related to the

top-ranked high-responding transcriptional networks in a follow-

up study from the same group.308 Transcriptional profiles appear

to differ between aerobic and resistance exercise.310,314 The

attenuated adaptation to resistance training in older individ-

uals218,219 could be explained by differences in both basal and

exercise-induced transcriptional changes. Indeed, older adults
displayed altered basal transcriptome signatures in skeletal

muscle pre-training309 in combination with a transcriptional in-

flammatory response to exercise that differed from young indi-

viduals.313,319 Sex-specific differentially regulated transcripts

are also reported,313 yet they require additional investigation to

understand how they impact exercise response variation.229

Finally, exercise training-mediated effects on transcription may

help explain variability in insulin sensitivity. Subjects with lower

insulin sensitivity show a reduced mRNA response to exer-

cise.320–324 The impact of insulin sensitivity on the transcriptional

response to exercise could in turn lead to blunted exercise adap-

tations, further exacerbating the defects in insulin action. These

results and others support the importance of the acute and

chronic exercise transcriptomic responses in impacting

training-related physiologic adaptations with the individual

variability in exercise response potentially driven by these

interactions.313,325

Metabolic/metabolomic
The biologically active molecules that make up the metabo-

lome perform many functions, which include supplying energy

for skeletal muscle contraction as well as protein and

glycogen synthesis. The impact of exercise extends far

beyond skeletal muscle to include the adipose tissue, liver,

brain, pancreas, and other organs. In concert with skeletal

muscle, these tissues release factors during and after exer-

cise, termed ‘‘exerkines,’’ which contribute to complex inter-

organ networks facilitating exercise adaptation.326–328 One

example is skeletal muscle-derived interleukin 6 (IL-6), which

is upregulated and secreted during contractile activity, inter-

acting with other tissues to influence glucose metabolism.327

During exercise, IL-6 enhances hepatic fat oxidation and

glucose production to meet the needs of working skeletal

muscle while also stimulating adipose tissue lipolysis and

FFA mobilization, thereby supporting reductions in visceral ad-

ipose tissue.329 Recently, fibronectin has been identified in

mice as an exercise-induced, muscle-secreted circulating fac-

tor that induced hepatic autophagy and insulin sensitization

through a5b1 (also known as the fibronectin receptor) integrin

signaling.330 Secretome mapping in animals identified a he-

patic exerkine (carboxylesterase 2A/C [CES2A/C]), which

was important in improved glucose tolerance, fat loss, and ex-

ercise performance.331 In humans, hepatic exerkines, such as

fibroblast growth factor 21 (FGF21) and angiopoietin-like 4

(ANGPTL4), also regulate adaptations to exercise as they

relate to circulating lipids, skeletal muscle mass and strength,

and glucose metabolism.332,333 Leptin and adiponectin, two

highly studied adipokines, are indirectly reduced following ex-

ercise-related reductions in fat mass,334 although exercise-

specific effects on these circulating factors and their impact

on response variation are not well defined. Recently, reanaly-

sis of blood from two human exercise cohorts identified

lactoylphenylalanine (Lac-Phe) as an exercise-sensitive circu-

lating metabolite in humans, and in animals, Lac-Phe inhibited

feeding and obesity.335

Finally, the exercise training effects on the gut microbiome

deserve mention given that the metabolic byproducts have

been implicated in response variation336 and microbial diversity

correlates with CRF.337 In men with prediabetes, the gut
Cell Metabolism 36, April 2, 2024 711
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microbiome was impacted by exercise training as evidenced by

increased capacity to form BCAAs and short-chain fatty acids

(SCFAs).336 The biosynthesis of these metabolites was

enhanced only in subjects who improved glucose homeostasis

and insulin sensitivity. These effects were recapitulated in

mice receiving fecal transplants from the responding and non--

responding human participants.336 Gut-derived BCAAs have

been highlighted as a key factor in exercise response,338 and

SCFAs are also related to exercise-induced improvements in in-

sulin sensitivity.336 Indeed, SCFA content distinguished subjects

with normal weight from those with obesity who underwent

6 weeks of aerobic training.339 Taken together, the heterogeneity

in exercise effects on physiological outcomes is greatly

impacted by circulating metabolites, many of which are derived

from metabolic tissues responsive to exercise. More research in

humans is needed to identify specific metabolites involved in the

exercise response.

Lipidomic
Fatty acids serve as an essential fuel source for exercising skel-

etal muscle,340 along with other peripheral organs including the

liver, with lipids important for cholesterol synthesis and other

cellular functions. Advancements within the field of mass spec-

trometry have enhanced our understanding of the cellular lipi-

dome and its adaptation to exercise in healthy and diseased

states.341 Such progress has given rise to the discovery of novel

lipid signaling mechanisms potentially driving the development

of metabolic diseases including insulin resistance and

T2D.342–347 Lipids within muscle, or IMCLs, including TAG, diac-

ylglycerols (DAGs), sphingolipids, long-chain acyl-coenzyme A

(LCA-CoA), phospholipids, and acylcarnitines, along with their

respective isoforms and species, accumulate within skeletal

muscle of humans with obesity and insulin resistance.348 These

observations have shed light on the complexities of the ‘‘athletes

paradox,’’ whereby endurance-trained athletes have IMCL con-

tent similar to those with T2D, yet they exhibit greater insulin

sensitivity.349 This is further complicated by evidence supporting

increases in total DAG content in endurance-trained athletes

following exercise,225,347,350,351 opposing observations in indi-

viduals with overweight and obesity where content remains un-

changed or decreased.225,347,350–352 These opposing observa-

tions emphasize the importance of skeletal muscle lipid

compositional profiling through lipidomics in the understanding

of variation in exercise adaptations in both healthy and unhealthy

states.

Goto-Inoue et al.353 reported significant fatty acid remodeling

of phospholipids in 3-week-old male Wistar rats following

12 weeks of high-fat diet and 6 weeks of chronic exercise

training. In humans, Peake et al.354 reported that plasma lipido-

mic profiles were altered after acute exercise. Significant alter-

ations in tricarboxylic acid intermediates and monounsaturated

fatty acids in this study by Peake and colleagues provided

detailed insight into the metabolic and lipidomic demands of

different exercise types. In addition, these results exemplify

that specific lipid species released from active tissue (e.g., ‘‘lip-

okines’’) may explain acute exercise response variability.

Lipokines released from the adipose tissue355,356 and

liver357,358 have also been shown to have an intriguing role in

the metabolic response of skeletal muscle to acute exercise.
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Of these, 12,13-dihydroxy-9Z-octadecenoic acid (12,13-di-

HOME) has been reported to be a particularly sensitive exer-

cise-induced lipokine in mice and humans, correlating to greater

skeletal muscle mitochondrial respiration and increased fatty

acid uptake in response to acute exercise.359 Such adaptations

with chronic aerobic exercise were not apparent in previously

inactive women with obesity and insulin resistance,360 suggest-

ing that such responses may depend on disease state or exer-

cise duration.

Lipidomic analysis permits the identification of changes in lipid

isomers, species, and localization after acute and chronic exer-

cise. However, further work is needed to garner a greater under-

standing of the lipidomic response to exercise aiding in our

comprehension of the interindividual response to exercise.

Summary of how the molecular transducers of exercise
explain the variability in physiological and health
outcomes
Different ‘‘omic’’ approaches will aid in the identification of

molecular transducers of exercise and how these in-depth

techniques have been used to date to uncover significant inter-

individual variability in response to exercise in healthy and un-

healthy populations. In particular, the use of genomics and

epigenomics, proteomics and post-translational analysis, tran-

scriptomics, metabolomics, and lipidomics will uncover the mo-

lecular transducers underpinning exercise response variability

from multiple intrinsic (endogenous) and extrinsic (exogenous)

perspectives. These known regulators of exercise response vari-

ability are so often considered in isolation. Gathering a clearer

understanding of these in unison, i.e., multi-omic analyses, will

uncover mechanisms relating to response variability and, as

such, are crucial in the development of specifically tailored exer-

cise programs.

SYNTHESIS AND CONCLUDING REMARKS

The challenge
Integrating our understanding of the molecular transducers of ex-

ercise with clinical outcomes to guide personalized exercise pre-

scriptions is a significant challenge facing exercise medicine. As

‘‘omics’’ technologies continue to evolve and become more

accessible, our understanding of the interplay between metabo-

lites and physiological and health outcomes of exercise will

become clearer, allowing formore effective personalized exercise

training prescriptions focused on patients’ needs. Consistencies

in study design, greater sample sizing, marked preciseness in

post-exercise sample collection (i.e., acute versus chronic exer-

cise), and a more integrative approach of investigating intrinsic

and extrinsic factors that interact with the molecular transducers

of exercise are needed. Incorporating clinical and molecular

data from trials to guide personalized exercise prescriptions for

targeted outcome measures will require multidisciplinary

research collaborations. Additionally, standardized procedures

and protocols, state-of-the-art methodologies, and quality con-

trol, including objective measures of adherence, combined with

tracking and robust analytical approaches, are crucial. We have

highlighted how exercise type, frequency, intensity, duration,

and many other variables influence the adaptations to training,

hence the variability in exercise interventions. These variables,



Figure 3. Molecular and health outcomes
predicting exercise response variability
Molecular and health outcomes predicting exer-
cise response variability are dependent onmultiple
interlinked primary and secondary intrinsic and
extrinsic factors as evidenced by differences in
subject weight, age, race, sex, or disease state.
Primarily, these factors account for interindividual
variation in response to exercise training. How-
ever, advancements in technology in the mea-
surement of genomic, epigenomic, transcriptomic,
proteomic, metabolomic, and lipidomic responses
are rapidly developing to help explain these dif-
ferences in response. These technologies possess
significant potential in the field of molecular and
health diagnosis. Yet their capability in the devel-
opment of optimal individual exercise training
programs is still in its infancy. The use of these
tools, in line with expert interpretation within the
field of exercise science and medicine, has the
capability to significantly improve individual health
outcomes to exercise programs. Such personal-
ized exercise training programs will not only act to
improve health from multiple perspectives, be this
through a reduction in medication use, a decrease
in non-communicable disease development
(obesity, type 2 diabetes [a progressive loss of
adequate b cell insulin secretion frequently on the
background of insulin resistance361], cardiovas-
cular disease [a group of disorders of the heart and
blood vessels mainly caused by blockage pre-
venting blood flow362], etc.), or an improvement in
cognitive function and survival, but also act to
improve the overall exercise performance.
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in tandem with response variations in health outcomes (i.e., CRF,

physical function, body composition, energy expenditure, and

cardiovascular and cardiometabolic risk status), make this even

more challenging.

In recent years, there has been a significant push from pub-

lishers to present individual response data. This approach will

help to reveal individual variability to clinical interventions,

which, in turn, aids in identifying exercise response variations

in context with individual adherence. An attractive approach to

this complicated challenge is to use a combination of molec-

ular and physiological response variability to predict individual

exercise response—a personalized exercise approach3 that
accounts for sex, race/ethnicity, age,

hormonal status, and previous PA

(Figure 3). This approach will also

require sophisticated bioinformatics to

better understand the mechanisms un-

derlying exercise response variation.

The National Institutes of Health Com-

mon Fund launched a large-scale inno-

vative project, the MoTrPAC363 to

examine the physiological and molecular

(i.e., genetic, epigenetic, lipidomic, me-

tabolomic, proteomic, etc.) responses

to exercise training. An important goal

in the MoTrPAC is to link the molecular

changes in blood, skeletal muscle, and

adipose tissue (human studies) in addi-

tion to other tissues in exercised rat
models to the variability in key phenotypic and health out-

comes. Data will be integrated across the omics platforms to

disentangle the complex relationships between intrinsic and

extrinsic factors that drive the variation in exercise responses

across individuals. The combined power of omics platforms

and clinical phenotyping will allow exercise interventions to

be targeted to specific types and amounts, thereby shifting

the paradigm of exercise metabolism and biology and maxi-

mizing exercise-related benefits at the individual level. Although

MoTrPAC will fill significant gaps in our understanding of exer-

cise response variation in healthy humans, more prospective

clinical exercise interventions are needed to address
Cell Metabolism 36, April 2, 2024 713
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cardiometabolic outcomes, populations with disease or other

comorbidities such as T2D, and with longer follow-up. Identi-

fying the underlying mechanisms that link exercise and

improved health is key for the discovery of novel therapeutic

targets, non-exercise therapies, and development and imple-

mentation of precision exercise medicine.
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80. Inoué, S., Honda, K., and Komoda, Y. (1995). Sleep as neuronal detoxi-
fication and restitution. Behav. Brain Res. 69, 91–96.

81. Xie, L., Kang, H., Xu, Q., Chen, M.J., Liao, Y., Thiyagarajan, M., O’Don-
nell, J., Christensen, D.J., Nicholson, C., Iliff, J.J., et al. (2013). Sleep
drives metabolite clearance from the adult brain. Science 342, 373–377.
716 Cell Metabolism 36, April 2, 2024
82. Watson, A.M. (2017). Sleep and athletic performance. Curr. Sports Med.
Rep. 16, 413–418.

83. Chase, J.D., Roberson, P.A., Saunders, M.J., Hargens, T.A., Womack,
C.J., and Luden, N.D. (2017). One night of sleep restriction following
heavy exercise impairs 3-km cycling time-trial performance in the morn-
ing. Appl. Physiol. Nutr. Metab. 42, 909–915.

84. Cizza, G., Skarulis, M., and Mignot, E. (2005). A link between short sleep
and obesity: building the evidence for causation. Sleep 28, 1217–1220.

85. Gangwisch, J.E., Malaspina, D., Boden-Albala, B., and Heymsfield, S.B.
(2005). Inadequate sleep as a risk factor for obesity: analyses of the
NHANES I. Sleep 28, 1289–1296.

86. Leng, Y., Wainwright, N.W., Cappuccio, F.P., Surtees, P.G., Hayat, S.,
Luben, R., Brayne, C., and Khaw, K.T. (2014). Daytime napping and the
risk of all-cause and cause-specific mortality: a 13-year follow-up of a
British population. Am. J. Epidemiol. 179, 1115–1124.

87. Smiley, A., King, D., and Bidulescu, A. (2019). The association between
sleep duration and metabolic syndrome: the NHANES 2013/2014. Nutri-
ents 11, 2582.

88. Youngstedt, S.D. (2005). Effects of exercise on sleep. Clin. Sports Med.
24, 355–365. xi.

89. Vaara, J.P., Oksanen, H., Kyröl€ainen, H., Virmavirta, M., Koski, H., and
Finni, T. (2018). 60-hour sleep deprivation affects submaximal but not
maximal physical performance. Front. Physiol. 9, 1437.

90. Symons, J.D., VanHelder, T., and Myles, W.S. (1988). Physical perfor-
mance and physiological responses following 60 hours of sleep depriva-
tion. Med. Sci. Sports Exerc. 20, 374–380.

91. Douglas, C.M., Hesketh, S.J., and Esser, K.A. (2021). Time of day and
muscle strength: a circadian output? Physiology (Bethesda) 36, 44–51.

92. Reilly, T., and Piercy, M. (1994). The effect of partial sleep deprivation on
weight-lifting performance. Ergonomics 37, 107–115.

93. Aubry, A., Hausswirth, C., Louis, J., Coutts, A.J., Buchheit, M., and Le
Meur, Y. (2015). The development of functional overreaching is associ-
ated with a faster heart rate recovery in endurance athletes. PLoS One
10, e0139754.

94. Skein, M., Duffield, R., Edge, J., Short, M.J., andM€undel, T. (2011). Inter-
mittent-sprint performance and muscle glycogen after 30 h of sleep
deprivation. Med. Sci. Sports Exerc. 43, 1301–1311.

95. Ma, Y., Liang, L., Zheng, F., Shi, L., Zhong, B., and Xie, W. (2020). Asso-
ciation between sleep duration and cognitive decline. JAMA Netw. Open
3, e2013573.

96. Maloney, A., Mengesteab, S., Kallas, N., Bennett, M., and Kanaley, J.A.
(2023). Sleep restriction by sleep timing late night or early wake: the
impact on physical activity and dietary intake in adults. Appetite 189,
106996.

97. Porter, J.W., Pettit-Mee, R.J., Emerson, T.S., McCrae, C.S., Lastra, G.,
Vieira-Potter, V.J., Parks, E.J., and Kanaley, J.A. (2021). Modest sleep re-
striction does not influence steps, physical activity intensity or glucose
tolerance in obese adults. J. Sleep Res. 30, e13381.

98. Tasali, E., Wroblewski, K., Kahn, E., Kilkus, J., and Schoeller, D.A. (2022).
Effect of sleep extension on objectively assessed energy intake among
adults with overweight in real-life settings: a randomized clinical trial.
JAMA Intern. Med. 182, 365–374.

99. Aird, T.P., Davies, R.W., and Carson, B.P. (2018). Effects of fasted vs
fed-state exercise on performance and post-exercise metabolism: A
systematic review and meta-analysis. Scand. J. Med. Sci. Sports 28,
1476–1493.

100. Wallis, G.A., and Gonzalez, J.T. (2019). Is exercise best served on an
empty stomach? Proc. Nutr. Soc. 78, 110–117.

101. Civitarese, A.E., Hesselink, M.K., Russell, A.P., Ravussin, E., and Schrau-
wen, P. (2005). Glucose ingestion during exercise blunts exercise-
induced gene expression of skeletal muscle fat oxidative genes. Am. J.
Physiol. Endocrinol. Metab. 289, E1023–E1029.

http://refhub.elsevier.com/S1550-4131(23)00476-X/sref64
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref64
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref65
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref65
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref65
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref66
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref66
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref66
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref66
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref67
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref67
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref67
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref67
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref68
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref68
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref68
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref68
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref69
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref69
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref69
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref69
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref70
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref70
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref70
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref70
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref71
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref71
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref71
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref71
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref71
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref72
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref72
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref72
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref73
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref73
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref73
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref74
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref74
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref74
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref75
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref75
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref75
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref76
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref76
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref76
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref76
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref77
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref77
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref77
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref77
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref77
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref78
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref78
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref78
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref78
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref78
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref79
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref79
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref79
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref79
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref80
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref80
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref81
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref81
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref81
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref82
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref82
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref83
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref83
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref83
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref83
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref84
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref84
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref85
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref85
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref85
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref86
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref86
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref86
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref86
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref87
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref87
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref87
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref88
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref88
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref89
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref89
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref89
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref89
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref90
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref90
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref90
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref91
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref91
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref92
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref92
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref93
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref93
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref93
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref93
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref94
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref94
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref94
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref94
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref95
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref95
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref95
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref96
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref96
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref96
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref96
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref97
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref97
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref97
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref97
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref98
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref98
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref98
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref98
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref99
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref99
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref99
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref99
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref100
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref100
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref101
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref101
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref101
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref101


ll
Review
102. Cluberton, L.J., McGee, S.L., Murphy, R.M., and Hargreaves, M. (2005).
Effect of carbohydrate ingestion on exercise-induced alterations inmeta-
bolic gene expression. J. Appl. Physiol. (1985) 99, 1359–1363.

103. Chen, Y.C., Travers, R.L., Walhin, J.P., Gonzalez, J.T., Koumanov, F.,
Betts, J.A., and Thompson, D. (2017). Feeding influences adipose tissue
responses to exercise in overweight men. Am. J. Physiol. Endocrinol.
Metab. 313, E84–E93.

104. Van Proeyen, K., Szlufcik, K., Nielens, H., Pelgrim, K., Deldicque, L., Hes-
selink, M., Van Veldhoven, P.P., and Hespel, P. (2010). Training in the
fasted state improves glucose tolerance during fat-rich diet. J. Physiol.
588, 4289–4302.

105. Van Proeyen, K., Szlufcik, K., Nielens, H., Ramaekers, M., and Hespel, P.
(2011). Beneficial metabolic adaptations due to endurance exercise
training in the fasted state. J. Appl. Physiol. (1985) 110, 236–245.

106. Grant, C.L., Dorrian, J., Coates, A.M., Pajcin, M., Kennaway, D.J., Wittert,
G.A., Heilbronn, L.K., Vedova, C.D., Gupta, C.C., and Banks, S. (2017).
The impact of meal timing on performance, sleepiness, gastric upset,
and hunger during simulated night shift. Ind. Health 55, 423–436.

107. Vitale, K., and Getzin, A. (2019). Nutrition and supplement update for the
endurance athlete: review and recommendations. Nutrients 11, 1289.

108. Alghannam, A.F., Gonzalez, J.T., and Betts, J.A. (2018). Restoration of
muscle glycogen and functional capacity: role of post-exercise carbohy-
drate and protein co-ingestion. Nutrients 10, 253.

109. Mansor, L.S., and Woo, G.H. (2020). Ketones for post-exercise recovery:
potential applications and mechanisms. Front. Physiol. 11, 613648.

110. Ferguson-Stegall, L., McCleave, E.L., Ding, Z., Doerner, P.G., 3rd, Wang,
B., Liao, Y.H., Kammer, L., Liu, Y., Hwang, J., Dessard, B.M., et al. (2011).
Postexercise carbohydrate-protein supplementation improves subse-
quent exercise performance and intracellular signaling for protein synthe-
sis. J. Strength Cond. Res. 25, 1210–1224.

111. Howarth, K.R., Moreau, N.A., Phillips, S.M., and Gibala, M.J. (2009). Co-
ingestion of protein with carbohydrate during recovery from endurance
exercise stimulates skeletal muscle protein synthesis in humans.
J. Appl. Physiol. (1985) 106, 1394–1402.

112. Vliet, S.V., Beals, J.W., Martinez, I.G., Skinner, S.K., and Burd, N.A.
(2018). Achieving optimal post-exercise muscle protein remodeling in
physically active adults through whole food consumption. Nutrients
10, 224.

113. Valsdottir, T.D., Øvrebø, B., Falck, T.M., Litleskare, S., Johansen, E.I.,
Henriksen, C., and Jensen, J. (2020). Low-carbohydrate high-fat diet
and exercise: effect of a 10-week intervention on body composition
and CVD risk factors in overweight and obese women-a randomized
controlled trial. Nutrients 13, 110.

114. Perissiou, M., Borkoles, E., Kobayashi, K., and Polman, R. (2020). The ef-
fect of an 8 week prescribed exercise and low-carbohydrate diet on
cardiorespiratory fitness, body composition and cardiometabolic risk
factors in obese individuals: a randomised controlled trial. Nutrients
12, 482.

115. Cipryan, L., Plews, D.J., Ferretti, A., Maffetone, P.B., and Laursen, P.B.
(2018). Effects of a 4-week very low-carbohydrate diet on high-intensity
interval training responses. J. Sports Sci. Med. 17, 259–268.

116. Wu, S.H., Chen, K.L., Hsu, C., Chen, H.C., Chen, J.Y., Yu, S.Y., and Shiu,
Y.J. (2022). Creatine supplementation for muscle growth: a scoping re-
view of randomized clinical trials from 2012 to 2021. Nutrients 14, 1255.

117. Dutra, M.T., Martins, W.R., Ribeiro, A.L.A., and Bottaro, M. (2020). The
effects of strength training combined with vitamin C and E supplementa-
tion on skeletal muscle mass and strength: a systematic review and
meta-analysis. J. Sports Med. (Hindawi Publ. Corp) 2020, 3505209.

118. Trappe, T.A., and Liu, S.Z. (2013). Effects of prostaglandins and COX-in-
hibiting drugs on skeletal muscle adaptations to exercise. J. Appl. Phys-
iol. (1985) 115, 909–919.

119. Trappe, T.A., Carroll, C.C., Dickinson, J.M., LeMoine, J.K., Haus, J.M.,
Sullivan, B.E., Lee, J.D., Jemiolo, B., Weinheimer, E.M., and Hollon,
C.J. (2011). Influence of acetaminophen and ibuprofen on skeletal mus-
cle adaptations to resistance exercise in older adults. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 300, R655–R662.
120. Trappe, T.A., Ratchford, S.M., Brower, B.E., Liu, S.Z., Lavin, K.M., Car-
roll, C.C., Jemiolo, B., and Trappe, S.W. (2016). COX inhibitor influence
on skeletal muscle fiber size and metabolic adaptations to resistance ex-
ercise in older adults. J. Gerontol. A Biol. Sci. Med. Sci. 71, 1289–1294.

121. Trappe, T.A., Standley, R.A., Jemiolo, B., Carroll, C.C., and Trappe, S.W.
(2013). Prostaglandin and myokine involvement in the cyclooxygenase-
inhibiting drug enhancement of skeletal muscle adaptations to resistance
exercise in older adults. Am. J. Physiol. Regul. Integr. Comp. Physiol.
304, R198–R205.

122. Trappe, T.A., White, F., Lambert, C.P., Cesar, D., Hellerstein, M., and
Evans, W.J. (2002). Effect of ibuprofen and acetaminophen on postexer-
cise muscle protein synthesis. Am. J. Physiol. Endocrinol. Metab. 282,
E551–E556.

123. Merritt, E.K., Stec, M.J., Thalacker-Mercer, A., Windham, S.T., Cross,
J.M., Shelley, D.P., Craig Tuggle, S., Kosek, D.J., Kim, J.S., and Bam-
man, M.M. (2013). Heightened muscle inflammation susceptibility may
impair regenerative capacity in aging humans. J. Appl. Physiol. (1985)
115, 937–948.

124. Ratchford, S.M., Lavin, K.M., Perkins, R.K., Jemiolo, B., Trappe, S.W.,
and Trappe, T.A. (2017). Aspirin as a COX inhibitor and anti-inflammatory
drug in human skeletal muscle. J. Appl. Physiol. (1985) 123, 1610–1616.

125. Miller, B.F., and Thyfault, J.P. (2020). Exercise-pharmacology interac-
tions: metformin, statins, and healthspan. Physiology (Bethesda) 35,
338–347.

126. Fontaine, E. (2018). Metformin-induced mitochondrial complex I inhibi-
tion: facts, uncertainties, and consequences. Front. Endocrinol. (Lau-
sanne) 9, 753.

127. Hawley, S.A., Gadalla, A.E., Olsen, G.S., and Hardie, D.G. (2002). The
antidiabetic drug metformin activates the AMP-activated protein kinase
cascade via an adenine nucleotide-independent mechanism. Diabetes
51, 2420–2425.

128. Rena, G., Hardie, D.G., and Pearson, E.R. (2017). Themechanisms of ac-
tion of metformin. Diabetologia 60, 1577–1585.

129. Bailey, C.J. (2017). Metformin: historical overview. Diabetologia 60,
1566–1576.

130. Konopka, A.R., Laurin, J.L., Schoenberg, H.M., Reid, J.J., Castor, W.M.,
Wolff, C.A., Musci, R.V., Safairad, O.D., Linden, M.A., Biela, L.M., et al.
(2019). Metformin inhibits mitochondrial adaptations to aerobic exercise
training in older adults. Aging Cell 18, e12880.

131. Malin, S.K., and Braun, B. (2013). Effect of metformin on substrate utiliza-
tion after exercise training in adults with impaired glucose tolerance.
Appl. Physiol. Nutr. Metab. 38, 427–430.

132. Malin, S.K., Gerber, R., Chipkin, S.R., and Braun, B. (2012). Independent
and combined effects of exercise training andmetformin on insulin sensi-
tivity in individuals with prediabetes. Diabetes Care 35, 131–136.

133. Malin, S.K., Nightingale, J., Choi, S.E., Chipkin, S.R., and Braun, B.
(2013). Metformin modifies the exercise training effects on risk factors
for cardiovascular disease in impaired glucose tolerant adults. Obesity
(Silver Spring) 21, 93–100.

134. Sharoff, C.G., Hagobian, T.A., Malin, S.K., Chipkin, S.R., Yu, H., Hirsh-
man, M.F., Goodyear, L.J., and Braun, B. (2010). Combining short-term
metformin treatment and one bout of exercise does not increase insulin
action in insulin-resistant individuals. Am. J. Physiol. Endocrinol. Metab.
298, E815–E823.

135. Walton, R.G., Dungan, C.M., Long, D.E., Tuggle, S.C., Kosmac, K., Peck,
B.D., Bush, H.M., Villasante Tezanos, A.G., McGwin, G., Windham, S.T.,
et al. (2019). Metformin blunts muscle hypertrophy in response to
progressive resistance exercise training in older adults: A randomized,
double-blind, placebo-controlled, multicenter trial: the MASTERS trial.
Aging Cell 18, e13039.

136. Braun, B., Eze, P., Stephens, B.R., Hagobian, T.A., Sharoff, C.G., Chip-
kin, S.R., and Goldstein, B. (2008). Impact of metformin on peak aerobic
capacity. Appl. Physiol. Nutr. Metab. 33, 61–67.

137. Das, S., Behera, S.K., Srinivasan, A., Xavier, A.S., Selvarajan, S., Kama-
lanathan, S., Sahoo, J.P., and Nair, N.S. (2018). Effect of metformin on
Cell Metabolism 36, April 2, 2024 717

http://refhub.elsevier.com/S1550-4131(23)00476-X/sref102
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref102
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref102
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref103
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref103
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref103
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref103
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref104
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref104
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref104
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref104
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref105
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref105
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref105
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref106
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref106
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref106
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref106
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref107
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref107
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref108
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref108
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref108
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref109
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref109
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref110
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref110
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref110
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref110
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref110
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref111
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref111
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref111
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref111
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref112
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref112
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref112
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref112
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref113
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref113
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref113
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref113
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref113
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref114
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref114
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref114
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref114
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref114
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref115
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref115
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref115
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref116
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref116
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref116
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref117
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref117
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref117
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref117
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref118
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref118
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref118
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref119
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref119
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref119
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref119
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref119
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref120
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref120
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref120
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref120
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref121
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref121
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref121
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref121
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref121
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref122
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref122
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref122
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref122
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref123
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref123
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref123
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref123
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref123
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref124
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref124
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref124
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref125
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref125
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref125
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref126
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref126
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref126
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref127
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref127
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref127
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref127
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref128
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref128
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref129
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref129
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref130
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref130
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref130
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref130
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref131
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref131
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref131
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref132
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref132
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref132
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref133
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref133
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref133
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref133
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref134
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref134
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref134
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref134
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref134
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref135
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref135
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref135
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref135
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref135
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref135
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref136
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref136
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref136
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref137
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref137


ll
Review
exercise capacity: A meta-analysis. Diabetes Res. Clin. Pract. 144,
270–278.

138. Malin, S.K., and Braun, B. (2016). Impact of metformin on exercise-
induced metabolic adaptations to lower type 2 diabetes risk. Exerc.
Sport Sci. Rev. 44, 4–11.
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(2014). Effects of long term supplementation of anabolic androgen ste-
roids on human skeletal muscle. PLoS One 9, e105330.

171. Dos Santos, M.R., Sayegh, A.L., Bacurau, A.V., Arap, M.A., Brum, P.C.,
Pereira, R.M., Takayama, L., Barretto, A.C., Negrão, C.E., and Alves,M.J.
(2016). Effect of exercise training and testosterone replacement on skel-
etal muscle wasting in patients with heart failure with testosterone defi-
ciency. Mayo Clin. Proc. 91, 575–586.

172. Falqueto, H., Dos Santos, M.R., and Manfredi, L.H. (2022). Anabolic-
androgenic steroids and exercise training: breaking the myths and
dealing with better outcome in sarcopenia. Front. Physiol. 13, 838526.

173. Falqueto, H., Júnior, J.L.R., Silvério, M.N.O., Farias, J.C.H., Schoenfeld,
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M.A., and Hu, F.B. (2017). Comprehensive metabolomic profiling and
incident cardiovascular disease: a systematic review. J. Am. Heart As-
soc. 6, e005705.

363. Sanford, J.A., Nogiec, C.D., Lindholm, M.E., Adkins, J.N., Amar, D., Da-
sari, S., Drugan, J.K., Fernández, F.M., Radom-Aizik, S., Schenk, S., et al.
(2020). Molecular Transducers of Physical Activity Consortium
(MoTrPAC): mapping the dynamic responses to exercise. Cell 181,
1464–1474.

http://refhub.elsevier.com/S1550-4131(23)00476-X/sref343
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref343
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref344
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref344
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref344
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref345
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref345
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref345
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref345
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref346
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref346
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref346
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref346
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref346
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref347
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref347
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref347
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref347
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref348
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref348
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref348
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref348
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref349
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref349
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref349
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref350
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref350
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref350
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref350
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref350
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref351
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref351
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref351
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref351
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref351
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref352
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref352
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref352
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref352
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref353
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref353
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref353
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref353
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref354
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref354
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref354
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref354
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref355
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref355
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref355
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref356
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref356
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref356
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref356
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref357
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref357
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref357
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref357
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref358
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref358
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref358
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref358
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref359
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref359
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref359
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref359
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref360
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref360
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref360
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref360
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref360
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref361
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref361
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref361
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref361
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref362
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref362
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref362
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref362
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref363
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref363
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref363
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref363
http://refhub.elsevier.com/S1550-4131(23)00476-X/sref363

	Understanding the variation in exercise responses to guide personalized physical activity prescriptions
	CRF
	Body composition and energy expenditure
	Cardiovascular and metabolic disease risk
	Timing of exercise and circadian rhythm
	Sleep
	Diet interactions
	Pharmacological treatments/medications
	Summary of extrinsic factors
	Sex
	Age
	Hormonal status
	Race/ethnicity
	Genetics
	Summary of intrinsic factors
	Genomic and epigenomic
	Proteomic and post-translational modifications
	Transcriptomic
	Metabolic/metabolomic
	Lipidomic
	Summary of how the molecular transducers of exercise explain the variability in physiological and health outcomes
	The challenge
	Author contributions
	Declaration of interests
	References


