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Abstract 50 

Exercise has long been known for its active role in improving physical fitness and 51 

sustaining health. Regular moderate-intensity exercise improves all aspects of human 52 

health and is widely accepted as a preventative and therapeutic strategy for various 53 

diseases. It is well documented that exercise maintains and restores homeostasis at the 54 

organismal, tissue, cellular, and molecular levels to stimulate positive physiological 55 

adaptations that consequently protect against various pathological conditions. Here we 56 

mainly summarize how moderate-intensity exercise affects the major hallmarks of 57 

health, including the integrity of barriers, containment of local perturbations, recycling 58 

and turnover, integration of circuitries, rhythmic oscillations, homeostatic resilience, 59 

hormetic regulation, as well as repair and regeneration. Furthermore, we summarize the 60 

current understanding of the mechanisms responsible for beneficial adaptations in 61 

response to exercise. This review aimed at providing a comprehensive summary of the 62 

vital biological mechanisms through which moderate-intensity exercise maintains 63 

health and opens a window for its application in other health interventions. We hope 64 

that continuing investigation in this field will further increase our understanding of the 65 

processes involved in the positive roles of moderate-intensity exercise and thus get us 66 

closer to the identification of new therapeutics that improve quality of life. 67 

 68 

Keywords: Beneficial effects of exercise; Exercise-related physiological adaptations; 69 

Hallmarks of health; Moderate-intensity exercise; Therapeutic exercise 70 
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1. Introduction 75 

While modernization has contributed to increased population longevity, it has also 76 

witnessed a continuous rise in non-communicable diseases such as obesity, 77 

hypertension, type 2 diabetes, cancer, etc. Non-communicable diseases are now 78 

considered “the number one killer” globally, as they lead to more than 80% of deaths 79 

in certain countries.1, 2 The prevalence of non-communicable diseases can be at least 80 

partly attributed to insufficient physical activity or exercise.3 According to data from 81 

the World Health Organization, in 2016, more than one-quarter of adults worldwide 82 

were physically inactive.4 The worldwide pandemic of physical inactivity should be a 83 

public health priority. It is well known that a healthy lifestyle is associated with a 84 

significantly lower risk of total mortality and a longer life expectancy.5 Together with 85 

a healthy and adequate dietary pattern, exercise represents a promising strategy for 86 

reducing the risk of chronic metabolic and inflammatory diseases, such as those related 87 

to obesity. In general, physical activity is defined as any movement requiring energy, 88 

such as walking, manual labor, or housework. By contrast, exercise refers to a routine 89 

of physical activity that is planned and structured with the aim of improving physical 90 

fitness.6 In this review, we use the term “regular exercise” to refer to regular moderate-91 

intensity exercise at a <70% maximal oxygen uptake (VO2max). 92 

It has been strongly recommended that children and adults should limit the amount 93 

of sedentary time, which is associated with adverse health outcomes, including all-94 

cause mortality and the incidence of cardiovascular disease, cancer, and type 2 diabetes. 95 

Replacing sedentary behavior with physical activity of any intensity (including light 96 

intensity) is beneficial for health. For substantial health benefits, World Health 97 

Organization recommends adults should undertake at least 150-300 min of moderate-98 

intensity or 75-150 min of vigorous-intensity aerobic physical activity throughout the 99 
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week, or an equivalent combination of moderate-intensity and vigorous-intensity 100 

aerobic physical activity.7 Adults are recommended to increase moderate-intensity 101 

aerobic physical activity to more than 300 min, or perform more than 150 min of 102 

vigorous-intensity aerobic physical activity throughout the week or an equivalent 103 

combination of moderate-intensity and vigorous-intensity aerobic physical activity for 104 

additional health benefits. Adults are also recommended to do muscle-strengthening 105 

activities that involve all major muscle groups for 2 or more days a week at a moderate 106 

or greater intensity.7 Next to aerobic activities, adults aged 65 years and older are 107 

recommended to do multicomponent physical activity that includes functional balance 108 

and strength training at a moderate or higher intensity for at least 3 days a week.7  109 

There is evidence showing that 30 metabolic equivalent task-h of pre-pregnancy is 110 

associated with a 12% reduction in the relative risk of gestational diabetes mellitus, and 111 

7 h of physical activity per week before and during pregnancy is associated with a 30% 112 

reduction and 37% reduction of risk, respectively.8 Additionally, 500 metabolic 113 

equivalent task-min/week of aerobic physical activity, which is equivalent to 150 min 114 

of moderate-intensity or 75 min of vigorous-intensity physical activity weekly, led to a 115 

14% risk reduction in all-cause mortality in patients with cardiovascular disease and  116 

a 7% risk reduction in healthy adults.9 And children and adolescents aged 5-17 years 117 

performed an average of 60 min of moderate-to-vigorous intensity physical activity per 118 

day, which was associated with multiple beneficial health outcomes including 119 

cardiorespiratory fitness, muscular fitness, bone health, and cardiometabolic health.10 120 

A large body of studies supports the notion that regular exercise plays an important 121 

role in reducing the risk of cardiovascular disease11, 12 and improving the health 122 

outcomes of patients with multiple other pathologies, including obesity, type 2 diabetes, 123 

multiple sclerosis, stroke, age-related sarcopenia, and some types of cancer.13-18 The 124 
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epidemiological studies report that a higher level of physical activity is associated with 125 

lower mortality risk in individuals with or without cardiovascular disease, yet the 126 

benefits of physical activity with respect to mortality appear to be greater in people with 127 

cardiovascular disease as compared to those without cardiovascular disease.9 Moreover, 128 

regular physical activity or exercise is associated with a reduced risk of adverse health 129 

outcomes generally (e.g., disability levels, mortality) and with better survival.19-21 130 

Exercise could partially reverse chronic conditions and multimorbidity related to low 131 

physical activity and can be employed as a preventive approach to improve quality of 132 

life.22, 23 Furthermore, greater amounts and higher intensities of physical activity, as 133 

well as distinct types of physical activity (e.g., aerobic, muscle and bone-strengthening 134 

activities), are associated with multiple beneficial health outcomes (e.g., 135 

cardiorespiratory fitness, muscular fitness, bone health, and cardiometabolic health) for 136 

children and adolescents aged 5-17 years.10  137 

Regular moderate-intensity types of exercise, such as strength, endurance, balance, 138 

flexibility and coordination, benefit all aspects of human health and are widely accepted 139 

as a therapeutic and preventative strategy for various diseases, including cardiovascular 140 

diseases (e.g., cardiomyopathy, cardiac ischemia/reperfusion injury, heart failure), 141 

metabolic diseases (e.g., hyperlipidemia, metabolic syndrome, type 2 diabetes), 142 

neurological diseases (e.g., Parkinson’s disease, multiple sclerosis), and pulmonary 143 

diseases, etc.24, 25 However, if physical exercise undercuts a minimum intensity level, 144 

no significant changes in body homeostasis are to be expected. In untrained individuals, 145 

sudden bouts of vigorous-intensity exercise can lead to adverse cardiovascular events 146 

and prolonged intense exercise may increase the incidence of infarction.26 Therefore, 147 

the intensity and mode of exercise are of critical importance for producing positive 148 

effects on health.  149 
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The biology of exercise is complex and involves adaptive responses in multiple organ 150 

systems. Movement and physical activity is an evolutionary survival advantage that 151 

turns skeletal muscle into a systemic modulator to meet energy demand.27 Exercise is a 152 

dynamic energy-demanding activity that not only involves the cardiovascular, 153 

respiratory, and musculoskeletal systems but also affects the immunological and 154 

endocrine systems. Despite broad investigation on the efficacy of exercise, the 155 

underlying mechanisms of its benefits remain elusive. Although quite a few papers have 156 

summarized the psychosocial and biological responses to exercise, most of them are 157 

focused on specific diseases or organ systems. To our knowledge, few studies report 158 

exercise-induced changes from the perspective of the overall “organization” of 159 

organisms as well as the underlying mechanisms. 160 

In a recent paper, two of the co-authors of this study proposed 8 hallmarks of health: 161 

integrity of barriers, containment of local perturbations, recycling and turnover, 162 

integration of circuitries, rhythmic oscillations, homeostatic resilience, hormetic 163 

regulation, as well as repair and regeneration.28 Although more investigations are 164 

needed, a wealth of evidence indicates that exercise can affect most of these hallmarks 165 

(Fig. 1). This review aims to provide a comprehensive summary of the vital biological 166 

changes through which exercise produces beneficial effects on health. In addition, this 167 

review summarizes the mechanisms through which exercise interventions are effective 168 

in preventing diseases, specifically age-related diseases (Alzheimer’s disease, 169 

Parkinson’s disease), type 2 diabetes, cardiovascular diseases (cardiomyopathy, cardiac 170 

ischemia/reperfusion injury, and heart failure), and certain cancers (breast and 171 

colorectal cancer). For better reading comprehension, we have included 172 

Supplementary Table 1, which details exercise protocols in animal studies, Table 1, 173 

which details exercise protocols in human studies, and Table 2, which summarizes the 174 
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evidence based on randomized control trials cited in this review. 175 

 176 

2. Exercise protects the integrity of barriers 177 

Human health is linked to the integrity of barriers at the level of organelles 178 

(mitochondria and nuclei), cell membranes, internal barriers (blood-brain), and barriers 179 

against the external (intestinal, respiratory, and cutaneous) environment. Exercise 180 

confers health benefits partly by regulating the integrity of these barriers, as explained 181 

below (Fig. 2).  182 

2.1. Exercise maintains mitochondrial integrity 183 

Mitochondrial health is of vital importance for cellular function in various tissues, and, 184 

as a result, contributes to overall vitality in health and disease. Mitochondria generate 185 

cellular ATP and, thus, are key actors in whole-body energy regulation. During exercise, 186 

there is a greater demand for ATP, which is mediated by increasing mitochondrial 187 

biogenesis and enhancing mitochondrial function.29 The effects of exercise on 188 

mitochondria have been intensively studied, with muscle mitochondria being the most 189 

well studied. Exercise training upregulates skeletal muscle sirtuins (SIRTs), which 190 

contribute to mitochondrial biogenesis and maintenance of the antioxidant system. 191 

Specifically, acute exercise (a single bout of exercise) activates SIRT1 in skeletal 192 

muscle, while several sessions of high-intensity interval training (HIIT) and aerobic or 193 

resistance exercise training activate SIRT1 and SIRT3.30  194 

Importantly, aerobic exercise causes significant changes in mitochondrial content 195 

and quality that are good for metabolic health.31 For example, the number of myonuclei 196 

is increased in rats in response to resistance training, and this increase can be retained 197 

for a long-term detraining period. When re-subjected to resistance training, the newly 198 

acquired myonuclei contribute to a greater degree of muscle hypertrophy and 199 
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mitochondrial biogenesis.32 Taken together, these results provide further support for the 200 

assertion that exposing young muscles to resistance exercise training may help to 201 

restore age-related muscle loss associated with mitochondrial dysfunction in later life.32 202 

Mitochondria are also involved in calcium metabolism, contribute to the formation 203 

of intracellular reactive oxygen species (ROS), and play a leading role in the initiation 204 

of apoptosis; therefore, they are essential to maintaining cellular homeostasis and act 205 

as important signaling organelles in different tissues. Exercise may decisively influence 206 

all these mitochondrial functions. 207 

The mitochondrial membranes compose the battleground on which opposing signals 208 

fight to determine the cell’s fate. The unique lipid composition and structure of 209 

mitochondrial membranes are critical for the proper functioning of mitochondria. 210 

Quality control of mitochondrial protein synthesis plays an important role in 211 

maintaining mitochondrial integrity.33 In particular, mitochondrial membrane 212 

permeabilization, a tightly regulated process, has been described as an essential feature 213 

of cell death.34 Acute exercise, as an allostatic stimulus, causes a temporary alteration 214 

of the interaction between mitochondria and other organelles such as the endoplasmic 215 

reticulum (ER), due to the upregulation of regulated in development and DNA damage 216 

1).35   217 

The beneficial effects of exercise on health are at least partly due to the improvement 218 

of mitochondrial membrane structure and, thus, mitochondrial function. It is reported 219 

that endurance-trained athletes (e.g., cross-country and soccer players) show a higher 220 

density of mitochondrial cristae, which is related to oxygen consumption and oxidative 221 

capacity.36 Both 17-week voluntary wheel running exercise and 8-week endurance 222 

training (treadmill running) confer protection against non-alcoholic steatohepatitis-223 

induced alterations in rat mitochondrial membrane composition, as revealed by the 224 
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increased ratio of phosphatidylcholine to phosphatidylethanolamine,37 because the ratio 225 

is a key regulator of membrane integrity.38 More recent studies indicate that 8-week 226 

endurance training could inhibit non-alcoholic steatohepatitis-induced mitochondrial 227 

permeability transition pore opening, indicating decreased mitochondrial membrane 228 

permeability.39 Seven days of treadmill exercise can prevent mitochondrial outer 229 

membrane permeabilization in the rat model of cerebral ischemic injury by increasing 230 

caveolin-1 expression, thus inhibiting of excessive cytochrome C release from 231 

mitochondria,40 reducing mitochondrial damage and protecting mitochondrial integrity. 232 

In addition, 12 weeks of moderate-intensity treadmill exercise exerts cardioprotection 233 

in diabetic mice by down-regulating mammalian sterile 20-like kinase 1, which 234 

enhances mitochondrial membrane potential.41  235 

2.2. Exercise and the sarcoplasmic reticulum (SR) 236 

The SR is a structure involved in Ca2+ mobilization for muscle contraction. Disruption 237 

of the SR is implicated in muscular dystrophy, cardiomyopathy, sarcopenia due to aging, 238 

and neurodegenerative diseases.42 Exercise decreases lipid peroxidation and calpain 239 

activity in the SR, thereby preventing heat stress.43 240 

2.3. Exercise and nuclear envelope (NE) integrity 241 

The double membrane structure of the NE serves as a barrier that separates the genome 242 

from the cytoplasm in eukaryotic cells. Disruption of the NE and exposure of chromatin 243 

endanger cell viability and induce genome instability. Thus, the integrity of NE is 244 

critical for cell survival. The NE homeostasis is maintained through a balance between 245 

the various forces imposed upon the nuclei, which can be disrupted under certain 246 

conditions (e.g., alterations in the expression of lamins, migration and invasion, 247 

micronuclei, telomere fusion, heterochromatin modulation, virus infection, the loss of 248 

ATR, retinoblastoma protein or P53) resulting in transient NE collapse.44   249 
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Few studies have focused on the role of exercise on NE integrity. The NE provides a 250 

semi-permeable barrier, with its structural integrity being maintained partly by the 251 

intermediate filament proteins called lamins (A, B, and C), which are encoded by the 252 

LMNA gene. Six weeks of moderate exercise attenuates dilated cardiomyopathy 253 

development in heterozygous LMNA knockout (LMNA+/-) mice whose cardiomyocytes 254 

show altered nuclear shape.45 The selectivity of the transit channel is controlled by the 255 

proteins of the nuclear pore complex.46 It has been reported that 4 months of running 256 

wheel exercise is capable of preventing the decline of Lamin B1 and nuclear pore 257 

complex protein in older sedentary mice46, indicating that exercise can sustain the 258 

integrity of the NE.  259 

2.4. Exercise and plasma membrane (PM) integrity 260 

PM integrity is essential for cellular function and survival. Besides serving as a physical 261 

barrier between the extra- and intra-cellular environment, the PM bridges intracellular 262 

signaling and extracellular signals (e.g., ions, hormones, cytokines, enzymes), thus 263 

allowing for cellular communication with the surrounding environment. Rupture of the 264 

PM can have deleterious consequences on a cell’s fate. Cells are equipped with repair 265 

mechanisms to ensure membrane integrity, including membrane fusion and 266 

replacement strategies, means for removal of the damaged membrane, and protein-267 

driven membrane remodeling and wound closure methods.47 Exercise can induce 268 

changes in the lipid composition of membranes that affect fluidity and cellular 269 

function.48 For example, a 2-week course of treadmill exercise (13.5 m/min, 10% grade, 270 

50 min/day) administered to high-fat diet (HFD)-fed mice prevents cholesterol 271 

accumulation in the PM of skeletal muscle cells.49 The excess of PM cholesterol may 272 

contribute to insulin resistance in the skeletal muscle of mice who are fed an HFD.50 273 

Moreover, acute endurance exercise (120 min) is capable of increasing the expression 274 
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of fatty acid translocase/CD36 and PM fatty acid-binding protein in human and rat 275 

muscle, indicating increased fatty acid transport in exercised muscle.51  276 

2.5. Exercise supports the integrity of the blood-brain barrier (BBB) 277 

The BBB is an active interface that separates the systemic circulation from the central 278 

nervous system with a dual function: the barrier limits the entry of blood-derived 279 

potentially toxic or harmful substances into the brain, and the carrier function is 280 

responsible for the transport of molecules and cells into and out of the central nervous 281 

system as well as for the removal of metabolites. Every cell type (e.g., endothelial cells, 282 

astrocytes, pericytes) and extracellular matrix makes an indispensable contribution to 283 

the BBB’s integrity.52 Specifically, pathways like Wnt/β-catenin, sonic hedgehog, 284 

retinoic acid, angiopoietins, and others are involved in the regulation of barrier 285 

maintenance.53  286 

Exercise has been shown to maintain BBB selective permeability in health and 287 

disease.54 For example, a previous study showed that both strength training and 288 

endurance training exercises could prevent BBB disruption in a mouse model of 289 

multiple sclerosis by increasing the expression of tight-junction proteins (occludins and 290 

claudin-4) and decreasing the expression of platelet and endothelial cell adhesion 291 

molecule 1.55 Moreover, exercise can protect against BBB disruption occurring in the 292 

context of substance use disorders.56 Of note, in a clinical trial, a 14-week-long 293 

combined resistance and aerobic exercise training intervention is capable of 294 

maintaining BBB integrity and decreasing chronic inflammation in older women.57 295 

Mechanistically, regular exercise may diminish BBB permeability by enhancing 296 

antioxidative capacity, reducing oxidative stress, diminishing inflammation, enhancing 297 

neurotrophic factors such as brain-derived neurotrophic factor (BDNF) and improving 298 

tight junction.54, 55, 58 On the other hand, the BBB has a selective permeability in order 299 
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to receive systemic signals. Acute exercise increases phosphoinositide 3-kinase (PI3K)-300 

p110α protein in the hypothalamus enhancing the regulation of food intake.59   301 

2.6. Exercise effects on intestinal barrier integrity 302 

The intestine acts as a barrier to the external environment that defends against the 303 

invasion of pathogens and harmful food ingredients. The intestinal epithelial tight 304 

junction proteins (e.g., occluding, claudins, and zonula occludens) and gut microbiome 305 

play a pivotal role in the maintenance of barrier integrity.60 Accumulating evidence 306 

suggests that exercise affects the integrity of the intestinal barrier. For instance, small 307 

intestinal permeability is increased in healthy individuals after 1 h of treadmill running 308 

at 80% VO2max.61 Moreover, a significant increase in intestinal permeability has been 309 

observed in participants immediately after completing a standard marathon (42.16 310 

km).62 Gut barrier permeability was elevated in runners who completed two 1-h-long 311 

bouts of submaximal treadmill exercise (65% VO2max, determined by a graded 312 

treadmill test63) under normoxic and hypoxic conditions.64 Similarly, endurance 313 

exercise (1100 miles in 10 days) is associated with increased intestinal permeability in 314 

racing dogs.65 Another study reports that mice subjected to acute treadmill running at 315 

80% VO2max (determined by a progressive exercise test on a small rodent treadmill) 316 

until exhaustion (running for at least 30 min) exhibit increased permeability in the small 317 

intestinal.66  318 

Intestinal barrier permeability is impaired under heat stress67 and with strenuous 319 

exercise68 due, in part, to visceral hypoperfusion during exercise. Of note, glutamine 320 

supplementation appears to attenuate intestinal permeability and maintain intestinal 321 

integrity in response to a 60-min treadmill run at 70% of VO2max in an environmental 322 

chamber set at 30 °C with 40-45% humidity.69 It has also been shown that 5 weeks of 323 

combined aerobic and resistance training counteracts HFD-induced rat microbial 324 
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dysbiosis, thus protecting intestinal barrier integrity.70 Furthermore, 6 weeks of aerobic 325 

exercise (10 m/min for 30 min/day, 6 days/week) can protect against obstructive 326 

jaundice-induced intestinal mucosal barrier damage in mice.71 Mechanistically, 327 

exercise increases the level of endogenous H2S and inhibits the high mobility group 328 

box 1-toll-like receptors 4-nuclear factor-kappa B pathway, thereby protecting the 329 

intestinal mucosal barrier.71 Also, 7 weeks of swimming exercise (1 or 1.5 h/day for 5 330 

days/week) attenuates the effect of dextran sulfate sodium-induced rat intestinal 331 

aggression by improving crypt status through regulating inflammation, oxidative stress, 332 

and apoptosis.72 Moreover, training improves zonula occludens 1, occludin, claudin-2, 333 

and the intestinal peptide transporter-1 messenger RNA expression.68 Thus, physical 334 

exercise has an ambiguous, context-dependent effect on intestinal barrier integrity. 335 

2.7. The effects of exercise on the barrier integrity in the respiratory tract 336 

The respiratory system, roughly divided into the upper (nasal passages, pharynx, larynx) 337 

and the lower (trachea, bronchial tree, lungs) respiratory tract, provides a physical, 338 

secretory, and immunologic barrier to exclude harmful substances such as ozone, 339 

particulate matter, and pathogens, etc.73 As a mucosal organ system directly contacts 340 

with the external environment, protection of the respiratory barrier is vital to human 341 

health. The mechanisms contributing to increased epithelial permeability involve 342 

internal (type 2 cytokines such as interleukin-4 (IL-4) and IL-13), external 343 

(environmental molecules such as allergens, pathogens, pollutants), genetic (e.g., 344 

protocadherin-1, cadherin-related family member 3, orosomucoid-like 3) and 345 

epigenetic (e.g., DNA methylation, histone deacetylases) factors.74  346 

Although exercise can trigger bronchial hyperresponsiveness in cold and dry 347 

environments,75 it also has numerous health benefits, including its positive effects on 348 

individuals with chronic respiratory disease.76 For example, 12 weeks of aerobic 349 
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exercise (30 min of treadmill running) combined with respiratory muscle stretching 350 

improves the functional exercise capacity and reduced dyspnea in patients with chronic 351 

obstructive pulmonary disease.77 Even low levels of physical activity in older patients 352 

with cardiovascular disease are associated with decreased mortality and hospitalization 353 

from pneumonia.78 Thus, exercise training has been recommended to support 354 

pulmonary rehabilitation in chronic disease management.79  355 

Exercise exerts beneficial effects on cardiovascular and respiratory diseases partly 356 

via endothelial protection,80, 81 and also by decreasing the Th2 inflammatory response 357 

of the airways.82 During exercise, fitness level could modulate the concentration and 358 

secretion of salivary antimicrobial proteins, which function as the first line of defense 359 

against invading microorganisms.83 However, the effects of exercise on the integrity of 360 

the respiratory tract, including epithelial and endothelial barriers, has not been 361 

investigated in detail. In fact, it is well known that athletes have an increased risk of 362 

developing upper respiratory tract infections.84 It seems that prolonged intensive 363 

exercise compromises the barrier function of respiratory epithelium,85 and increases the 364 

incidence of upper respiratory tract infections.86, 87 However, this topic remains the 365 

subject of debate.88 Otherwise, compared to continuous exercise, the matched-intensity 366 

and volume intermittent exercise leads to lesser respiratory epithelial cell damage,89 367 

indicating that intermittent exercise may benefit respiratory tract health.  368 

2.8. Exercise and the skin integrity 369 

Skin is the body’s primary defense structure and is composed of the epidermis and the 370 

dermis. In general, the epidermis consists of epithelial cells that are responsible for the 371 

skin barrier and thus protect from the harmful effects of the external environment. 372 

While the dermis contains the extracellular matrix that includes collagen, elastin, and 373 

glycosaminoglycans.90 Skin integrity is restored by a complex multi-step process that 374 
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includes blood clot formation, inflammation, re-epithelialization, granulation tissue 375 

formation, neovascularization and remodeling. Skin repair requires the activation of a 376 

variety of modulators, such as growth factors, cytokines, matrix metalloproteinases, 377 

cellular receptors, and extracellular matrix components.91 Research evidence reveals 378 

that regular exercise confers advantageous effects on skin integrity. For example, a 379 

epidemiology study reports a clear correlation between skin integrity and exercise in 380 

older adults. Individuals that do not practice regular exercise have a higher risk of 381 

damage to skin integrity (27.02%) compared to those who exercise regularly (8.77%).92 382 

Moreover, endurance running exercise (15 m/min for 45 min, 3 times/week for 5 383 

months) prevents the age-associated thinning of the dermis in mitochondrial DNA 384 

mutator mice (PolG; PolgAD257A/D257A), a model of progeroid aging.93 In obese mice, 8 385 

weeks of voluntary exercise improves the dermal collagen density and decreases the 386 

amount of subcutaneous tissue and adipocyte size.94 A later study demonstrates that 387 

endurance exercise protects against age-associated structural deterioration of skin that 388 

compromises its barrier function in both humans and mice, and it identifies exercise-389 

induced IL-15 as a novel mediator of skin health.95 Functional studies indicate that daily 390 

IL-15 administration mimics part of the anti-aging effects of exercise on the skin in 391 

mice.95 392 

3. Exercise benefits the maintenance of local homeostasis 393 

While a single bout of exercise may cause local perturbation, long-term moderate-394 

intensity exercise generally contributes to the maintenance of systemic homeostasis and 395 

the improvement of health (Fig. 3).  396 

3.1. Exercise promotes barrier healing 397 

Skin wound healing is a major health concern. Exercise is a relatively cheap and 398 

effective strategy that could be adopted clinically to prevent or treat damage to the 399 
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skin.96, 97 Moderate-intensity aerobic exercises have been shown to promote skin wound 400 

healing in both humans and mice.98, 99 In addition, 4 weeks of voluntary wheel exercise 401 

decreases skin graft rejection and increases graft survival through CD4+ T cell 402 

proliferation and interferon-γ production.100 A recent study reports that exercise-403 

associated microRNA-122-5p (miR-122-5p) is capable of promoting wound healing 404 

via increasing capillary density in perilesional skin tissues of mice.101 However, the 405 

molecular and cellular mechanisms through which exercise stimulates healing require 406 

further investigation. 407 

Of note, the intensity of exercise could influence the healing process. For example, 408 

in a mouse study, compared to high (80% VO2max) and strenuous intensity (90% 409 

VO2max), moderate-intensity physical training (70% VO2max) is particularly efficient 410 

in improving wound healing.102 Moreover, in diabetic mice, low-intensity treadmill 411 

exercise (12 m/min for 30 min, 5% incline, 5 days/week for 3 weeks) benefits the 412 

wound healing process, while high-intensity treadmill exercise (18 m/min for 30 min, 413 

5% incline, 5 days/week for 3 weeks) does not.103 414 

3.2. Exercise prevents the invasion of foreign bodies 415 

The invasion of foreign bodies (e.g., pathogens) represents a threat to health. Lifestyle 416 

intervention, including exercise, have been identified as an effective approach to 417 

controlling certain conditions associated with viral infection. The antiviral role of 418 

exercise has received great amount of attention. Several scientific findings indicate that 419 

exercise training contributes to the improvement of physiologic and functional 420 

parameters in patients with human immunodeficiency virus (HIV) or acquired 421 

immunodeficiency syndrome (AIDS).104 Exercise could help to prevent viral infection 422 

and/or promote viral clearance. For example, regular physical activity is associated with 423 

decreased risk of infection.105, 106 In mice, chronic exercises at moderate intensity may 424 
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have an attenuating effect on influenza infection by decreasing viral load and illness 425 

severity.107 Indeed, exercise is considered to be supportive of the medical care and 426 

treatment of HIV-infected patients.108  427 

A large body of investigations has highlighted the indispensable role of the immune 428 

system in combating viral infection. Exercise is well-known to have a major effect on 429 

the functioning of the immune system. In particular, regular moderate exercise is 430 

considered to be a safe and cost-effective strategy to enhance the immune system and 431 

provide protection against pathogenic viral infection.108, 109 Recent studies reveal that a 432 

regular program of aerobic exercise with an intensity of 55-80% VO2max is associated 433 

with increased immunological biomarkers such as circulating leukocytes, lymphocytes, 434 

monocytes, and neutrophils, and thus helps reduce the risk of coronavirus disease 435 

2019.110, 111 Aerobic exercise affects several molecules in various tissues that are 436 

involved in severe acute respiratory syndrome coronavirus 2 virus entry angiotensin-437 

converting enzyme 2, FURIN, and transmembrane protease serine 2. However, the 438 

overall effect on the disease is not yet known.112  439 

3.3. Exercise improves systemic inflammation 440 

Exercise training exerts anti-inflammatory effects on the periphery and the brain.113 For 441 

example, in mice, moderate voluntary wheel running (30 days of access to wheels) 442 

attenuates colitis symptoms and reduces inflammation in response to oral 443 

administration of dextran sodium sulfate.114 In addition, regular training in mice 444 

attenuates sepsis-induced lung damage; the effect is mediated by a reduced 445 

inflammatory response, modulated by decreased IL-1β and increased IL-10.115 446 

Moreover, the percentage of inflammatory CD14+CD16+ monocytes is reduced in 447 

older adults (65-80 years old) after completing a 12-week-long (3 days/week) combined 448 

endurance (20 min at 70-80% heart-rate reserve) and resistance exercise (8 sets of 449 
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exercises, 2 sets at 70-80% of one-repetition maximum),116 suggesting reduced 450 

systemic inflammation in exercised older individuals. Similarly, studies focusing on 451 

healthy adults who are aged 40 years or older show that more frequent physical activity 452 

is associated with lower systemic cellular and molecular inflammation, as evidenced 453 

by a lower level of white blood cell counts and neutrophil counts, as well as lower levels 454 

of C-reactive protein, IL-6, IL-10, IL-1 receptor antagonist, and soluble tumor necrosis 455 

factor receptor-I.117, 118  456 

Furthermore, mice subjected to regular voluntary running show decreased 457 

hematopoietic activity and reduced circulating leukocyte numbers compared to 458 

sedentary mice, indicating that regular physical activity confers health benefits partially 459 

via decreased systemic inflammation.119 Mechanistic studies indicate that voluntary 460 

running exercise regulates hematopoietic activity via lowering leptin production in 461 

adipose tissue, augmenting hematopoietic stem and progenitor cell quiescence via 462 

modulation of their niche, and reducing the hematopoietic output of inflammatory 463 

leukocytes.119 464 

3.4. Exercise and the innate and acquired immune responses  465 

Proper immune function is fundamental for maintaining health in most chronic 466 

conditions. In recent years, the role of exercise training in regulating the immune 467 

system has received considerable attention.120, 121 Most of the current published 468 

literature suggests that regular moderate exercise exerts a positive effect on the immune 469 

system, thus reducing the incidence of disease.122 Exercise modulates both innate and 470 

adaptive immune responses, particularly upregulating the activity of natural killer (NK) 471 

cells at rest,123 but also neutrophils, and macrophages following moderate exercise 472 

(about 60% of VO2max).120, 121, 124 In addition, in healthy individuals, regular exercise 473 

is associated with decreased tumor necrosis factor-α expression levels, reduced pro-474 
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inflammatory adipokine levels, downregulated Toll-like receptor levels on monocytes 475 

and macrophages, and increased circulating levels of anti-inflammatory cytokines.125 476 

Moreover, in healthy young men, 1-h of cycling at 70% of VO2max is sufficient to 477 

induce the number of circulating peripheral blood mononuclear cells,126 which are 478 

composed of monocytes and lymphocytes and have a critical role in immune 479 

function.127-129  480 

Of note, moderate-to-vigorous intensity endurance exercise bouts may also exert 481 

positive immunological effects.88 For example, master athletes with lifelong regular 482 

exercise exhibit signs of anti-inflammatory regulation, as revealed by higher plasma 483 

IL-10 levels compared to the age-matched untrained control group.130 Further 484 

investigation demonstrates that the circulating IL-10 levels in lifelong trained athletes 485 

are similar to those in young adults.131 Moreover, clinical trials show that regular 486 

moderate exercise (60-70% of VO2max) significantly improves the immune response 487 

to vaccination in adults over age 65,132, 133 indicating an improved adaptive immune 488 

function in older adults. 489 

3.5. Exercise benefits the anti-cancer immunosurveillance 490 

It is well-accepted that the immune system has the ability to suppress certain types of 491 

cancer, and immunotherapy is recognized as a promising strategy in the treatment of 492 

cancer. A sedentary lifestyle has recently emerged as a potential independent risk factor 493 

for cancer. Conversely, exercise is associated with a reduced risk of certain cancers, 494 

including colon cancer, endometrial cancer, breast cancer, etc.134 Moreover, the 495 

Mendelian randomization analysis also found that genetically elevated physical activity 496 

levels were associated with lower risks of breast and colorectal cancer,135, 136 497 

highlighting the promotion of physical activity as a critical intervention to reduce the 498 

incidence and prevalence of these cancers. Mechanistically, exercise reduces tumor size 499 
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partly via enhancing immune function. For example, tumor-bearing mice subjected to 500 

voluntary exercise (wheel running) shows a more than 60% decrease in tumor volume 501 

across different tumor models, an effect that has been attributed to the exercise-502 

associated mobilization of NK cells, which is necessary and sufficient for this anti-503 

tumor effect.137 Moreover, evidence indicates acute exercise could induce a preferential 504 

redeployment of NK cell subsets with a highly-differentiated phenotype and confer 505 

protection against tumor cells.138 Thus, exercise could play a role in the prevention and 506 

treatment of cancer.  507 

3.6. The protective role of exercise on cellular senescence and its clearance  508 

Cellular senescence has been linked to multiple aging-related illnesses and risk factors. 509 

Many stimuli, such as telomere erosion, oxidants, ultraviolet B light, and DNA 510 

damaging chemotherapies that engage the DNA damage response, can induce cellular 511 

senescence.139 Long-term endurance training upregulates telomerase activity and 512 

telomere-stabilizing proteins and decreases the levels of apoptosis modulators 513 

(including cell cycle checkpoint kinase 2, p16INK4a, and p53), pointing to the protective 514 

role of exercise has on cellular senescence.140, 141 515 

One biomarker and effector of senescence is p16INK4a. The expression of p16INK4a in 516 

peripheral blood T lymphocytes increases with age.142 The level of p16INK4a is positively 517 

associated with circulating IL-6 concentrations, which is a marker of cellular 518 

senescence. One recent study reports the 4-week treadmill exercise has a significant 519 

effect on attenuating senescence in white adipose tissue, as indicated by decreased p16 520 

level. In old mice, exercise induces changes in the immune-cell distribution (e.g., NK 521 

cells, CD8+ T cells, eosinophils, neutrophils), which may contribute to the anti-522 

senescence effect of exercise.143 Since p16INK4a expression is strongly correlated with 523 

reduced exercise,142 this is further evidence that exercise may prevent cellular 524 
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senescence by downregulating p16INK4a expression. In the aging rat model, 12 weeks of 525 

swimming training significantly reduces the senescence markers (p53 and p21) and 526 

inflammatory cytokine (IL-6) in the liver.144 527 

However, in some settings, exercise elicits positive impacts on health via promoting 528 

senescence. As an example, the pro-senescent effect of exercise on fibro-adipogenic 529 

progenitors contributes to muscle regeneration and the improvement of muscle 530 

function.145 531 

4. Benefits of exercise in recycling and turnover 532 

The proper recycling and turnover of different components of the organism (e.g., cell, 533 

organelle, protein) enables healthy cell and organismal development. Each of the 534 

subcellular, cellular, and supracellular units composing the organism is replaced 535 

continually by newly synthesized ones to maintain cellular homeostasis. The health 536 

benefits of exercise may be partly due to its remarkable ability to induce cellular 537 

remodeling, including cell self-renewal and the turnover of dysfunctional organelles 538 

(Fig. 4).  539 

4.1. The effects of exercise on cell death, removal, and replacement 540 

It is reported that regular moderate exercise promotes cell survival and reduces cell 541 

death. Regular exercise is well-known to promote cardiomyocyte proliferation and 542 

growth while preventing cardiomyocyte apoptosis. Mechanistically, the 543 

CCAAT/enhancer-binding protein β-CBP/p300-interacting transactivators with E 544 

(glutamic acid)/D (aspartic acid)-rich-carboxyl terminal domain (C/EBPβ-CITED4) 545 

signaling and the insulin-like growth factor 1 (IGF1) signaling are well-established as 546 

essential regulating pathways that mediate exercise-related cardiomyocyte proliferation. 547 

Additionally, the C/EBPβ and IGF1-PI3k/Akt pathways play vital roles in exercise-548 

induced cardiomyocyte growth. Exercise also prevents cardiomyocyte death through 549 
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pathways for SIRT1 and peroxisome-proliferator-activated receptor coactivator 550 

(PGC1α) as well as for apoptosis signal-regulating kinase 1/p38 signaling, etc.146 551 

Moreover, 21 days of voluntary wheel running exercise is capable of enhancing cardiac 552 

myocyte survival and preventing cell death in the heart through the regulation of 553 

telomerase reverse transcriptase, endothelial nitric oxide synthase and IGF1.141 554 

Accordingly, treadmill exercise-induced myokine (Myonectin) inhibits hypoxia-555 

induced cardiomyocyte apoptosis via activation of the cyclic adenosine 556 

monophosphate/Akt signaling pathway.147 It has been reported that long-term exercise-557 

derived plasma exosomes are capable of attenuating hypoxia/reoxygen-induced 558 

cardiomyocyte apoptosis via exosomal miR-342-5p.148 Mechanistically, miR-342-5p 559 

prevents cell apoptosis by targeting the mRNAs coding for caspase 9 and mitogen-560 

activated protein kinase 9 (MAPK9, also known as JNK2), and it promotes 561 

cardiomyocyte survival by elevating Akt phosphorylation.148 Furthermore, swimming 562 

exercise-induced long non-coding RNA (lncRNA), cardiac physiological hypertrophy-563 

associated regulator (CPhar), reduces oxygen-glucose deprivation/reperfusion-induced 564 

apoptosis in cultured neonatal mouse cardiomyocytes.149 Finally, in rats subjected to 565 

injury of the optic nerve, 4 weeks of treadmill running (5 days per week for 30 min 566 

each day at a moderate intensity of 9 m/min) significantly increases the survival rate of 567 

retinal ganglion cells, likely due to an increase in the local expression of BDNF.150 568 

4.2. Exercise and autophagy 569 

Virtually all eukaryotic cells depend on autophagy to maintain cellular homeostasis. 570 

Autophagy is a highly conservative recycling mechanism that is responsible for the 571 

turnover of cellular proteins and organelles. The mechanism that regulates autophagy 572 

is complex, and its upstream signaling pathway mainly includes mammalian target of 573 

rapamycin (mTOR)-dependent and mTOR-independent signaling.151, 152 Mitophagy, a 574 
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form of vital autophagic response for the turnover of dysfunctional or aged 575 

mitochondria, serves to maintain mitochondrial quality control. The regulatory 576 

mechanisms of mitophagy mainly involve putative kinase 1-Parkin pathway and 577 

receptor-mediated mitophagy.153 In mammals, 2 major types of receptors have been 578 

implicated in mitophagy. One group includes BCL2 interacting protein 3 (BNIP3) and 579 

NIP3-like protein X (NIX), and the other group contains FYN14 domain-containing 580 

protein 1 (FUNDC1).154  581 

The regulation of autophagy during exercise training is a dynamic and complex 582 

process.155 On the one hand, exercise promotes the level of basal autophagy and 583 

enhances cell viability. For instance, endurance exercise training (long-term voluntary 584 

running) stimulates autophagy in the skeletal muscle of mice.156 This exercise-induced 585 

increase of basal autophagy is required for muscle adaptation and improvement of 586 

physical performance in endurance and resistance.157, 158 The common regulatory 587 

pathways underlying exercise-induced autophagy involve the activation of adenosine-588 

monophosphate-activated protein kinase (AMPK)-unc-51-like kinase 1 signaling 589 

pathway, forkhead box O (FoxO), and PGC1α, etc.159, 160 On the other hand, exercise 590 

could play a role in adjusting the level of autophagy in disease states. For example, 8 591 

weeks of treadmill exercise improves cardiac autophagic flux in a rat model of post-592 

myocardial infarction (MI)-induced heart failure.161  593 

Importantly, exercise-induced autophagy seems to mediate many of its beneficial 594 

effects.162 Thus, exercise-stimulated autophagy plays an important role in muscle 595 

glucose homeostasis. Mice with a BCL2 mutation (Thr69Ala, Ser70Ala and Ser84Ala) 596 

that prevents this exercise-induced increase in autophagy exhibit deficient exercise 597 

endurance and deficient glucose metabolism in muscle during acute exercise. Moreover, 598 

in such B-cell lymphoma-2 (BCL2)-mutated mice, long-term exercise loses its capacity 599 
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to prevent type 2 diabetes induced by an HFD.163 It has also been found that exercise 600 

stimulates autophagy in the brain.164 As compared to wild-type mice, systemic 601 

autophagy-deficient (Atg4b-/-) mice exhibit reduced levels of resistance capacity after 602 

exercise training, and exercise-induced hippocampal adult neurogenesis is undetectable 603 

within them.158 Altogether, these data highlight the essential role of autophagy in 604 

exercise-induced neurogenesis. 605 

Nonetheless, it is worth noting that excessive exercise induces excessive 606 

autophagy.165 Thus, the inhibition of autophagy reportedly alleviates heart injury 607 

induced by strenuous exercise.165 Ultimately, exercise without overtraining helps to 608 

prevent the development and progression of Alzheimer’s disease via improving 609 

mitochondrial fitness, which may be accomplished by mitigating mitochondrial 610 

dysfunction with SIRT1-FOXO1/3-putative kinase 1-Parkin-mediated mitophagy.166, 611 

167 612 

5. The effects of exercise on the different circuitries  613 

The maintenance of whole-body health involves the successful crosstalk among 614 

multiple tissues and organs as well as the body-microbiota at the cellular and systemic 615 

levels. Exercise evokes the coordinated and integrated adaptation of different circuitries, 616 

including the intracellular circuitries, inside-outside communication, interorgan 617 

communication, and the dialog between microbiota and the organism (Fig. 5).  618 

5.1.Intracellular circuitries 619 

The health-promoting effects of exercise involve a wide range of metabolic changes, 620 

which are mediated by numerous molecules, such as metabolites, proteins, non-coding 621 

RNAs, extracellular vesicles, etc. Firstly, exercise modifies the energy sensor 622 

AMPK.168 Moreover, ketone bodies are markedly elevated in response to exercise. In 623 

addition to serving as a bioenergetic fuel, ketone bodies function as signaling 624 
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metabolites and confer a variety of benefits for performance and recovery.169 The 625 

transcription of genes is also influenced by exercise. For example, exercise can 626 

downregulate cardiac homeodomain interacting protein kinase 2, the suppression of 627 

which prevents the apoptosis of cardiomyocytes and protects against MI by reducing 628 

the activation of tumor protein P53.170 Mice subjected to 3 weeks of swimming exercise 629 

exhibit elevated adenosine deaminases acting on RNA2, which is an enzyme that 630 

deaminates adenosine to inosine nucleotide in double-stranded RNA and functions as a 631 

protective factor in MI and doxorubicin-induced cardiac injury.171 Swimming exercise 632 

also upregulates the levels of cardiac miR-486 and lncRNA-CPhar, both of which 633 

confer protection against cardiac ischemia/reperfusion injury in mice.149, 172 634 

Furthermore, exercise can induce cytokines that prevent myocardial fibrosis.173 635 

Interestingly, circulating miRNAs could be considered biomarkers of the response to 636 

exercise.174, 175 637 

Exercise-associated health benefits may involve epigenetic changes. For example, 638 

exercise directly modulates the epigenetics of cardiac and other tissues, thereby 639 

mitigating the risk of developing cardiac disease and conferring cardioprotective effects 640 

via exerkines.176 Exercise also improves brain health by reducing DNA methylation in 641 

the mouse hippocampus.177  642 

5.2. Inside-outside communication 643 

The endocrine system is strongly affected by exercise. For instance, the expression of 644 

fibroblast growth factor-21 (FGF21) increases in response to experimental acute 645 

exercise.178-182 FGF21 is an endocrine member of the FGF superfamily responsible for 646 

the modulation of energy homeostasis, glucose and lipid metabolism, and insulin 647 

sensitivity. In adipose tissue, exercise training downregulates lipid content and 648 

inflammation, promotes browning and thermogenesis, and modulates the production of 649 
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adipokines.183-185 Treadmill exercise reportedly protects mice from HFD-induced 650 

metabolic dysfunction, including hyperglycemia, hyperinsulinemia and hyperlipidemia, 651 

by enhancing FGF21 sensitivity in adipose tissue.186, 187 652 

In addition, the plasma levels of growth differentiation factor-15 increase 653 

immediately in runners following a marathon race.188 It has also been induced in 654 

response to an experimental single bout of exercise189 and a cycling race.190 The 655 

exercise-induced levels of circulating growth differentiation factor-15 correlate with 656 

the duration of endurance exercise.191  657 

5.3. Functional units in organs 658 

Exercise is a complex process that involves the coordinated and integrated adaptation 659 

of numerous cells, tissues, and organs. In response to chronic exercise training, organs 660 

such as the heart and skeletal muscle undergo physiological remodeling and may grow 661 

in size, which is called hypertrophy. The plasticity of the organ allows for adaptation 662 

to multiple cell types or functional units. For example, cardiac hypertrophy requires 663 

increased cardiomyocyte growth, cardiomyocyte fate reprogramming, enhanced 664 

angiogenesis and lymphangiogenesis, mitochondrial remodeling, enhanced endothelial 665 

function, and quiescent cardiac fibroblasts.146  666 

Exercise protects against pathogenic changes in organs or tissues. For example, a 9-667 

week treadmill exercise program has been shown to reverse the diabetes-induced 668 

ultrastructure changes in the heart. Specifically, in diabetic rats, exercise inhibits the 669 

reduction of mitochondrial mass, decreases the percentage of dysfunctional 670 

mitochondrial, and prevents the increase of collagen fiber cross-sectional surface area 671 

in the heart.192 In aging rats, a 3-week treadmill exercise program increases 672 

angiogenesis, leading to improved brain function.193 High-intensity interval exercise (5 673 

days a week for 7 weeks)-induced increase of vascularization is mediated via the lactate 674 
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receptor (hydroxycarboxylic acid receptor 1), which upregulates cerebral vascular 675 

endothelial growth factor A (VEGFA).194 676 

5.4. Organs, tracts, and systemic circuitries 677 

Exercise induces adaptive responses throughout the entire body. For example, exercise 678 

stimulates the upregulation of heat shock proteins (HSPs),195 which are a widespread 679 

family of molecular chaperones that play a variety of vital roles in maintaining cellular 680 

functions via regulation of chaperone activity, protein folding, and remodeling 681 

processes.196 Specifically, HSP72 is upregulated in the circulation system and multiple 682 

organs (including the liver, skeletal muscle, heart, brain, etc.) in response to various 683 

forms and types of exercise.197 Overexpression of HSP72 (induced by heat shock 684 

therapy, transgenesis or specific drugs) protects against HFD-induced glucose 685 

intolerance and skeletal muscle insulin resistance.198, 199 Moreover, induction of HSP72 686 

in mice increases mitochondrial mass and endurance running capacity.200 Therefore, the 687 

upregulation of HSP72 might account for at least some of the beneficial effects of 688 

exercise on diabetes, obesity and ischemic brain injury.201, 202 However, the precise role 689 

of exercise-induced HSP72 expression in treating metabolic diseases warrants further 690 

investigation. 691 

Exercise induces numerous adaptive responses in tissues and organ systems as well 692 

as with respect to interorgan communication. Many of these adaptations are observed 693 

primarily in skeletal muscle, which plays a major role in modulating whole-body 694 

functional capacity and health outcomes. In response to exercise, skeletal muscle 695 

secrets myokines, extracellular vehicles, and metabolites that facilitate crosstalk with 696 

other tissues. This crosstalk is thought to benefit the function of multiple systems and 697 

organs, such as the brain, heart, adipose tissue, gut, immune system, etc. It is 698 

noteworthy that the adaptive responses are not limited to skeletal muscle. Exercise also 699 
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results in the secretion of adipokines (e.g., transforming growth factor β, leptin) and 700 

hepatokines as well as by-products of gut microbiota (e.g., short-chain fatty acids 701 

(SCFA)) that play key roles in interorgan communication and, thus, mediate many of 702 

the beneficial effects of exercise.203 Furthermore, exercise has been shown to modulate 703 

the composition of the gut microbiome, which may mediate improvements in both the 704 

gut and the brain. Exercise could also increase level of serotonin, which is a vital 705 

neurotransmitter and hormone and is involved in the regulation of intestinal secretion 706 

and motility.204 In addition, a recent study reported that the extracellular vehicles 707 

secreted by brown adipose tissue contribute to exercise-mediated cardioprotection by 708 

delivering the cardioprotective miRNAs into the heart.205  709 

5.5. The meta-organism 710 

It is well known that the gut microbiota plays an essential role in many aspects of human 711 

biology, affecting metabolism, endocrine, and immune functions. Dysbiosis of the gut 712 

microbiome is associated with multiple pathological states, including systemic 713 

inflammation, obesity, cancer, mental disorders, and others.206 Beyond its local effects 714 

on the barrier function of the intestinal mucosa, the gut microbiota provides several 715 

compounds and micronutrients that mediates long-range effects on the immune and 716 

neuroendocrine systems.207, 208 717 

Endurance and resistance exercise have been shown to have a differential effect on 718 

the gut microbiota of mice.209 Moreover, a number of studies have determined that 719 

exercise influences the gut by enhancing the number of beneficial microbial species, 720 

thereby enriching microbiota diversity and functional metabolism in both humans and 721 

mice.206, 210-212 Thus male elite professional rugby players have lower inflammatory and 722 

improved metabolic markers relative to healthy controls with a similar body mass index. 723 

As compared to controls, athletes carry a more diverse gut microbiota, and several taxa 724 
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are significantly higher.213 In mice, antibiotic-mediated depletion of gut microbiota 725 

compromises exercise performance.214 In addition, monocolonization of germ-free 726 

mice with Bacteroides fragilis, which is a health-associated gram-negative bacterium, 727 

increases endurance exercise time.214 728 

In sum, exercise-induced shifts in the microbial composition of the gut may 729 

contribute to the beneficial effects of physical activity on obesity, metabolic diseases, 730 

and neurological disorders.215 Indeed, exercise-induced alteration of the gut 731 

microbiome may regulate brain function.204 For example, SCFA, as microbiota-derived 732 

products, favor microglia maturation and function in the brain. Supplementation of 733 

SCFA is capable of reversing microglial defects observed in mice with lacking a healthy 734 

gut microbiota.216 735 

6. The effects of exercise on rhythmic oscillations 736 

The circadian rhythms represent a number of daily oscillations in physiology and 737 

behavior that take place over a 24-h period and enable the body and brain to adapt to 738 

daily changes in the environment. Virtually all cells of the body express a molecular 739 

clock that requires extremely precise regulation. Exercise is a nonphotic cue capable of 740 

restoring the transiently disturbed clock.217 Here we present examples of how exercise 741 

modulates the circadian rhythms. 742 

6.1. Mechanics of the circadian clock 743 

The circadian rhythms are a common trait of practically all living organisms. 744 

Accumulating evidence reveals that disruption of mammalian circadian rhythms is 745 

deleterious to health. For instance, mice with muscle-specific deletion of Bmal1, which 746 

is the core clock gene, exhibit impaired insulin-stimulated glucose uptake and 747 

metabolism, indicating that disruption of the intrinsic muscle clock system leads to 748 

muscle insulin resistance.218 In addition, night shift work-related disturbance of the 749 
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circadian clock is associated with a higher risk of type 2 diabetes in humans.219, 220 750 

Several reviews have highlighted the positive effects of exercise on circadian 751 

disturbances.221-223 In particular, exercise acts as a strong zeitgeber (time cue) for the 752 

skeletal muscle clock.224 We know that exercise is capable of readjusting the molecular 753 

circadian clock and, thus, reducing the harmful effects of disrupted sleep patterns;221, 754 

225 however, exercising at different times of the day can lead to markedly different 755 

stimulation of signaling pathways and exercise performance.226, 227 In a recent study, 756 

mice exhibit better performance in the maximal running test during the early daytime, 757 

and clear differences are observed in the muscle transcriptome, proteome, and 758 

phosphoproteome patterns of mice subjected to day-time exercise as compared to those 759 

subjected to night-time exercise.228 However, few studies have focused on how to apply 760 

physical exercise to achieve the restoration of circadian rhythms or on the metabolic 761 

consequences and associated health outcomes of exercising at different times of the day. 762 

6.2. Exercise contributes to the maintenance of immune rhythmicity 763 

The immune system exhibits rhythmicity, and the rhythmic expression of clock genes 764 

has been implicated in both innate and adaptive immune cells.229, 230 Moreover, the 765 

impairment of clock gene signaling causes chronic inflammation or aggravates the 766 

symptoms in older adults.231 Evidence indicates that lifelong regular exercise (no less 767 

than 20 years) decelerates the aging-related decline of immune system function and 768 

contributes to the maintenance of the circadian rhythm throughout life.131, 232, 233 In 769 

addition, clock gene expression patterns following acute exhaustive exercise are 770 

different in lifelong athletes compared to those in the sedentary group. Specifically, the 771 

acute bout of exercise modulates the clock machinery mainly in effector-memory CD4+ 772 

T cells.234 773 

7. Benefits of exercise in homeostatic resilience  774 
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Physiological homeostasis is a major requisite for the survival of any organisms. 775 

However, exposure to stressful life events is common. Hence, the maintenance of 776 

positive adaptation by individuals in the face of stress is important. Resistance to 777 

environmental risk experience or adaptation to stress/adversity is known as 778 

“resilience”,235 and resilience can be regulated via neural, genetic, metabolic, 779 

immunological, and microbiome-based mechanisms. Exercise appears to be a 780 

protective strategy for improving homeostatic resilience and preserving human health 781 

and a good quality of life. Engaging in exercise that leads to improved cardiorespiratory 782 

fitness can reduce the risk of various diseases and these beneficial effects involve the 783 

widespread adaptations of multiple tissues (Fig. 6). Here we present examples of how 784 

exercise modulates homeostatic resilience. 785 

7.1. Neural mechanisms 786 

The brain is the key organ of stress response. Stress and stress hormones causes both 787 

adaptive and maladaptive effects on the brain throughout life.236 Moderate-intensity 788 

exercise improves brain function and helps to maintain brain health.237, 238 Exercise 789 

elicits a wide range of biological changes in the nervous system. In addition to 790 

alleviating clinical symptoms, the advantageous effects of exercise include improved 791 

afferent signals, autonomic balance, mitochondrial function, increased neurogenesis, 792 

and synaptic plasticity, as well as improved metabolism and angiogenesis.238-242  793 

Adult hippocampal neurogenesis is a complex and highly dynamic process that can 794 

be regulated by exercise.243 Mice subjected to endurance training (voluntary wheel 795 

running and treadmill running) and resistance training (climb the ladder) are associated 796 

with a significantly increased rate of proliferation of neural progenitor cells, indicating 797 

enhanced neurogenesis.158, 244 Several receptor signaling cascades have been implicated 798 

in the exercise-modulated enhancement of adult hippocampal neurogenesis, including 799 
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neurotrophic factors, such as BDNF, and neurotransmitters.245, 246 In addition, 800 

dexamethasone-induced Ras-related protein 1 (Dexras1), a small GTPase, modulates 801 

exercise-induced neurogenesis in the adult hippocampus. Dexras1 deletion leads to a 802 

reduced proliferation of neural progenitors, suppressed pro-mitogenic pathways, and 803 

an increased number of mature newborn granule neurons in exercised mice. At the 804 

molecular level, the deletion of dexamethasone-induced Ras-related protein 1 abolishes 805 

exercise-triggered activation of extracellular signal-regulated kinase and cyclic 806 

adenosine monophosphate response element binding protein, and it prevents the 807 

increase of N-methyl-D-aspartate receptor subunit NR2A, bdnf, vegf-a, and 808 

tropomyosin receptor kinase B in the dentate gyrus.247  809 

7.2. Genetic factors 810 

Genetic factors have been found to influence an individual’s level of resilience. Results 811 

from adult twin studies show that between 31% to 52% of observed individual 812 

differences in resilience to stressful life events can be explained by genetic factors.248-813 

250 Research suggests that the BDNF and neurotrophic tyrosine kinase receptor type 2 814 

gene polymorphisms are associated with stress tolerance.251, 252 In addition, the BDNF 815 

polymorphism appears to modulate exercise-induced cognitive benefits. For example, 816 

exercise-induced cognitive improvement has been observed to be more profound in 817 

terms of the mental status and word recall of individuals carrying the BDNF Val66Met 818 

variant than of individuals with the BDNF Val66Val genotype (wild type).253  819 

Interestingly, genetic factors appear to influence exercise participation. For example, 820 

a study based on the exercise participation of 37,051 pairs of twins from 7 countries 821 

(Australia, Denmark, Finland, the Netherlands, Norway, Sweden, and the United 822 

Kingdom) shows that the resemblance in exercise participation during leisure time of 823 

monozygotic (genetically identical) twins is higher than that for dizygotic twins, who 824 
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share about half of their segregating genes on average.254 Moreover, genetic factors may 825 

confound the observed association between low levels of physical activity and higher 826 

disease and mortality risk.255-257  827 

In addition, several genetic polymorphisms related to elite athletes seem to be 828 

associated with exercise performance.258 For example, elite-level athletes show higher 829 

frequency of the IGF1 promoter T allele polymorphism.259 Notably, the effect of these 830 

gene variations seems to be influenced by the types of exercise. The prevalence of 831 

carrying both IL-6 G174C and insulin-like growth factor-binding protein 3 (IGFBP3) 832 

A202C mutations is obviously higher among long-distance swimmers (major event: 833 

400-1500 m) compared to long-distance runners (major event: 5000 m marathon), and 834 

among short-distance swimmers (major event: 50-100 m) compared to power athletes 835 

(major event 100-200 m sprinters and jumpers). The IGFBP3 A202C polymorphism 836 

may compensate for the potential genetically non-beneficial effect of the higher IL-6 837 

G174C.260 In addition, the IGF1 C1245T (rs35767) single-nucleotide polymorphism 838 

with the minor T allele is significantly associated with higher circulating IGF1 839 

concentrations.261 In summary, exercise-related genetic polymorphisms at least partly 840 

contribute to the maintenance of body health. 841 

Of note, current Mendelian randomization studies have reported findings that 842 

conflict with those of traditional observational studies. For example, observational 843 

studies show that the level of physical activity is inversely correlated with the risk of 844 

several diseases, including type 2 diabetes and cardiovascular disease. However, the 845 

two-sample Mendelian randomization study reveals that physical (in)activity is 846 

unrelated to the risk of type-2 diabetes262 and cardiovascular disease, including 847 

coronary artery disease, MI, and ischemic stroke.263 Thus, future work should pay more 848 

attention to the biological processes influenced by exercise as well as to the underlying 849 
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mechanisms, which may explain the confusing results.  850 

7.3. Hormones and metabolism 851 

Exercise is a powerful regulator of metabolism. Generally, aerobic and resistance 852 

exercise training is associated with improved metabolic health. Organs such as skeletal 853 

muscle, the liver, the brain, and adipose tissue are important metabolic communicators, 854 

and interorgan communication during exercise contributes to whole-body 855 

homeostasis.264 Exercise-induced increase of energy demand is associated with 856 

increased mobilization of substrates, including carbohydrate, fat, and glucose, during 857 

and after exercise.265 The utilization of extracellular substrates is partly mediated by 858 

rapid and coordinated changes in the endocrine system. The hormones associated with 859 

the endocrine system exhibit autocrine, paracrine, or endocrine actions on the tissues 860 

of the body that regulate a variety of processes such as growth and development, 861 

metabolism or immune responses.266, 267 Exercise causes strong effects on the release 862 

of these hormone-like substances and thus the processes these substances modulate.6 863 

Two major hormones whose functions are influenced by exercise are insulin and thyroid 864 

hormone. Exercise increases insulin sensitivity through several molecular pathways, 865 

including upregulation of glucose transporter protein 4 in the cell membrane of insulin-866 

dependent cells, improvement of β cell function, modulation of insulin receptor 867 

substrate 1 phosphorylation, induction of angiogenesis, reduction in adipokines, 868 

improvement of the redox state, and downregulation of ceramide plasma levels.268 869 

Therefore, exercise has been recommended as the management strategy for patients 870 

diagnosed with type 2 diabetes.269 Changes in thyroid hormone levels (e.g., T3, T4) are 871 

observed following exercise. However, it is hard to draw any conclusions concerning 872 

the effects of exercise on thyroid hormone.270 These controversial results could be due 873 

to the physical status of the subjects, the type, intensity, and duration of exercise, or the 874 
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differences in age and gender among subjects. In general, the effects of exercise on the 875 

endocrine system are of a positive nature and help to improve functional aspects of 876 

tissue and organs, resulting in improved health. For instance, exercise prevents the loss 877 

of activity of the endocrine system with aging.271  878 

Metabolic adaptation is related to the specific type and mode of exercise. For 879 

example, regular endurance exercise enhances muscle capillarity, increases 880 

mitochondrial biogenesis, and promotes the fiber-type shift towards the type 1 881 

phenotype, but it has no significant effect on the fiber cross-sectional area. On the 882 

contrary, strength training induces muscle hypertrophy, mainly due to the greater 883 

muscle fiber cross-sectional area.265 884 

7.4. Immune system 885 

The immune system responds to any type of insult that challenges cellular homeostasis. 886 

While a single bout of exercise may represent a perturbation to homeostasis, long-term 887 

moderate-intensity exercise can benefit the immune system by enhancing 888 

immunosurveillance and immunocompetence.272 Regular exercise leads to an elevated 889 

anti-inflammatory capacity, which is a critical factor in maintaining health, particularly 890 

in the context of chronic diseases.273 For example, the number of inflammatory 891 

CD14+CD16+ monocytes decreases after 12 weeks of combined moderate-strength and 892 

endurance training, indicating a reduction of more proinflammatory monocyte 893 

subtypes.116 In addition, acute bouts of exercise also elicit beneficial effects on 894 

immunological health partly through transiently mobilizing immune cells to peripheral 895 

tissues to conduct immune surveillance.274   896 

Long-term exercise can prevent the age-associated degradation of immune system 897 

function (known as immunosenescence), which is characterized by considerable shifts 898 

in the balance of leukocyte subsets and a decline in various immune cell functions.275 899 
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As an example, long-term exercise from adulthood to old age (training time = 49 ± 8 900 

years (mean ± SD)) induces a healthy profile of inflammatory-related cytokines, as 901 

indicated by a decline in inflammatory biomarkers, including decreased levels of white 902 

blood cell counts, neutrophil counts, IL-6, IL-10, IL-1 receptor antagonist, and soluble 903 

tumor necrosis factor receptor-1.118 Additionally, participation in long-term (training 904 

time = 45.1 ± 11.0 years) easy- to moderate-intensity exercise is associated with a more 905 

differentiated adaptive immune response.123 Furthermore, athletes with lifelong aerobic 906 

training have a lower percentage of senescent T cells when compared to healthy 907 

controls,232 suggesting that exercise has a beneficial effect on immune function.  908 

7.5. Gut microbiota 909 

The human gut microbiota contains numerous microorganisms essential to maintaining 910 

homeostasis and normal gut physiology. Gut microbiota composition is highly variable. 911 

Each individual is linked to a unique gut microbiota profile that plays an important role 912 

in their metabolism and in the maintenance of a healthy host microorganism. 913 

Sometimes, the gut microbiota composition may vary within a single individual276 914 

because the gut’s ecosystem development and stability can be affected by intrinsic and 915 

extrinsic factors, including exercise and diet, which in turn can influence health.277 916 

Exercise-induced alterations in the diversity, composition, and functional profiles of 917 

the intestinal microbiome have been widely documented.278, 279 Moderate endurance 918 

exercise has been shown to expand the number of beneficial microbial species, enrich 919 

microflora diversity, and promote the development of commensal bacteria.215, 278 All 920 

these effects are beneficial for the host and contribute to the improvement of their health 921 

status. Indeed, elite athletes elicit uniquely beneficial and diverse gut microbiome 922 

characteristics, including a higher gut microbial diversity and a shift toward bacterial 923 

species associated with increased production of the SCFA implicated in the 924 
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maintenance of intestinal barrier integrity and regulation of host immune function.280 925 

Furthermore, exercise-induced gut microbial changes confer protection against certain 926 

diseases. For example, treadmill running exercise ameliorates cardiac dysfunction in 927 

MI mice by altering the diversity and community structure of the gut microbiome. 928 

Mechanistically, exercise increases the metabolites, 3-hydroxyphenylacetic acid (3-HA) 929 

and 4-HA, which are thought to protect against cardiac dysfunction by activating 930 

nuclear factor E2-related factor 2 (Nrf2).281  931 

Interestingly, the composition of the gut microbiota can be differently modulated by 932 

distinct types and modes of exercise. For instance, 4 weeks of resistance and endurance 933 

exercise training leads to significant differences in the gut microbiota composition in 934 

mice.209 Accordingly, mice subjected to endurance training exhibit higher diversity and 935 

evenness of gut microbiota. Specifically, endurance training is associated with a greater 936 

relative abundance of Desulfovibrio and Desulfovibrio sp., whilst Clostridium and 937 

C.cocleatum are enriched in mice that undergo resistance training.209  938 

8. Benefits of exercise in hormetic regulation  939 

There is some evidence that mild stressors inducing hormesis can contribute to the 940 

extension of lifespan and healthspan.282 A single bout of exercise represents a challenge 941 

to cellular homeostasis. However, regular exercise confers multiple health benefits and 942 

better survival (Fig. 7). Therefore, it is possible that the beneficial outcomes of exercise 943 

may be achieved partly by hormetic regulation (Fig. 6).  944 

8.1. Exercise and mitohormesis 945 

Mitohormesis is characterized as hormesis in mitochondria and is associated with the 946 

adaptive response processes that maintain cellular homeostasis. In response to a 947 

disturbance, mitochondria can generate and transmit a signal to the nucleus that triggers 948 

a transcriptional response leading to mitochondrial and non-mitochondrial adaptations. 949 
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Although direct evidence linking mitohormesis to the exercise response is limited, 950 

mounting studies suggest that mitohormesis plays a role in mediating exercise-induced 951 

adaptions. Various signals are released from the mitochondria in response to exercise, 952 

with ROS being the primary candidate for inducing mitohormetic response.283 953 

Mitochondrial ROS are vital signaling molecules necessary for health-promoting and 954 

lifespan-extending effects.284 The benefits of exercise are at least partly regulated by 955 

ROS signaling,285 and Nrf2 is one of the important regulators that mediates redox 956 

homeostasis during exercise. Exercise induces the activation of Nrf2, which modulates 957 

the gene level of endogenous antioxidant synthesis and ROS-eliminating enzymes.286 958 

However, low-level and high-level mitochondrial stress could lead to opposing 959 

metabolic effects. In a recent study, severe mitochondrial stress due to mitoribosomal 960 

protein CR6-interacting factor 1 (Crif1) homo deficiency in hypothalamic 961 

proopiomelanocortin neurons of mice appeared to causes adult-onset obesity while 962 

mild mitochondrial stress caused by Crif1 heterodeficiency in proopiomelanocortin 963 

neurons was associated with higher metabolic turnover and resistance to diet-induced 964 

obesity in mice. The beneficial metabolic effects induced by mild stress are mediated 965 

by enhanced thermogenesis and mitochondrial unfolded protein responses (UPRmt) in 966 

distal adipose tissue. Interestingly, regular exercise with moderate intensity resembles 967 

the metabolic phenotype of Crif1 heterodeficiency, indicating the important regulatory 968 

role of mitohormetic in moderate-intensity regular exercise.287   969 

8.2. The benefits of exercise on healthspan 970 

Healthspan is characterized as healthy life expectancy or the period of life spent free of 971 

illness and disability.288 In addition to a healthy diet and mental well-being, the positive 972 

effects of regular moderate exercise on the prevention, treatment, and management of 973 

chronic disease affecting healthspan are well-established. For example, in a landmark 974 
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21-year longitudinal study, it is reported that participation in long-term running and 975 

other vigorous exercises among older adults is associated with less disability and lower 976 

mortality in later life.19 Regular exercise induces systemic adaptations in virtually all 977 

organ systems, producing multifaceted benefits for health. In Particular, exercise can 978 

attenuate multi-system age-related declines and help maintain physical fitness generally, 979 

including cardiorespiratory fitness and muscle function as well as flexibility and 980 

balance. The mechanisms through which exercise improves cardiorespiratory fitness 981 

include nitric oxide-induced vasodilatation, VEGFA-mediated angiogenesis, and 982 

VEGFR3-mediated lymphangiogenesis, etc.146, 289 The main signaling pathways 983 

involved in the effects of exercise on muscle include calcium/calmodulin-dependent 984 

protein kinase signaling, MAPK signaling, AMPK signaling, SIRTs, PGC1α, etc. 290, 985 

291  986 

Moreover, exercise benefits brain health via antioxidant defense (e.g., glutathione 987 

peroxidase, superoxide dismutase), neurotrophic factors (e.g., BDNF, VEGF, nerve 988 

growth factor), neurogenesis (e.g., BDNF, VEGF, IGF1), and protein homeostasis (e.g., 989 

proteasomes, neprilysin, tau ubiquitination), etc.291 Exercise also reduces adipocyte size 990 

and lipid content, increases mitochondrial activity, and alters adipokines secretion in 991 

white adipose tissue.292 In mice, the exercise-induced adaptations in white adipose 992 

tissue improve glucose tolerance and insulin sensitivity, indicating improved whole-993 

body metabolic health.293, 294 These positive effects of exercise are supposed to be 994 

mediated by exercise training-induced adipokines.294 Furthermore, exercise may 995 

enhance immune function and prevent immunosenescence, as explained in section 7.2. 996 

Altogether, adaptations in multiple tissues and organ systems contribute to the 997 

maintenance of whole-body health. Thus, exercise has been proposed as medicine to 998 

delay dependence and prolong healthspan.295 999 
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8.3. The effects of exercise on lifespan 1000 

A large body of study suggests that exercise is a promising intervention for extending 1001 

a healthy lifespan.296, 297 The positive effects of exercise on lifespan are mainly achieved 1002 

through the attenuation of aging phenotypes or by delaying the process of aging. One 1003 

of the essential regulator of the antiaging effects of exercise is AMPK.298 Activating 1004 

AMPK is sufficient to promote longevity in multiple organisms.299, 300 In muscle 1005 

specifically, AMPK is an important regulator of exercise effects that are activated by 1006 

increased AMP/ATP and (nicotinamide adenine dinucleotide/ nicotinamide adenine 1007 

dinucleotide hydride) ratio.301 1008 

Generally, regular exercise is considered to be fundamental to overall health and 1009 

longevity. However, some of the commonly ascribed beneficial effects of exercise seem 1010 

to be unsupported by current randomized control trial studies. For example, current 1011 

randomized control trial evidence shows that exercise does not prevent premature 1012 

mortality or cardiovascular disease in older adults or in people with chronic 1013 

conditions.302 Thus, additional large-scale investigations would be of value, especially 1014 

high-quality studies with insights on molecular mechanisms.   1015 

9. The effects of exercise on repair and regeneration  1016 

The prompt repair and regeneration response to damage is a hallmark of health.28 Here 1017 

we present examples of how exercise modulates the process of repair and regeneration 1018 

in response to damage (Fig. 6).  1019 

9.1. DNA damage and repair 1020 

Oxidative DNA damage is associated with increased risk of chronic diseases, such as 1021 

cancer, neurodegenerative disease, atherosclerosis, and diabetes.303, 304 Therefore, 1022 

interventions aimed at repairing DNA strand breaks or lesions could be useful for 1023 

inhibiting or delaying the progression of diseases. Regular moderate exercise confers 1024 
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substantial health benefits, including a lower risk of the above-mentioned diseases.24  1025 

Exercise has been directly implicated in the enhancement of DNA damage repair. As 1026 

an example, 8 weeks of treadmill running leads to a decreased accumulation of 1027 

oxidative damage to DNA and proteins in rat skeletal muscle.305 Moreover, exercise 1028 

may promote the inherent DNA repair abilities of neurons through upregulation of 1029 

BDNF.306 Several mechanisms have been implicated in the decrease of exercise-1030 

associated oxidative damage in the brain, including upregulation of antioxidant 1031 

capacity, reduced production of oxidants, and consequently reduced nuclear DNA 1032 

damage.307 However, acute and strenuous exercise could induce oxidative stress via 1033 

increased accumulation of reactive oxygen and nitrogen species, which may have 1034 

negative effects on DNA stability.308 Additionally, high-intensity normoxic exercise 1035 

induces DNA double-strand breaks, as revealed by increased detection of gamma-H2A 1036 

histone family member X and p53-binding protein 1. Furthermore, levels of these 1037 

oxidative stress biomarkers are significantly increased following exercise in hypoxia.309 1038 

Therefore, a better understanding of the effects of different types of exercise on DNA 1039 

damage and repair is necessary. Future studies focusing on exercise-induced 1040 

mechanisms are critical for developing better approaches to improving health.  1041 

9.2. Protein damage and proteostasis 1042 

Proteostasis refers to the dynamic processes contributing to the maintenance of protein 1043 

homeostasis, which depends on adjustment in protein synthesis and degradation. 1044 

Disturbance of proteostasis contributes to the pathogenesis of many degenerative 1045 

diseases through the aggregation of damaged proteins.310, 311 Regular exercise induces 1046 

substantial positive effects on health, with muscle being its predominant effector.312 For 1047 

example, aerobic exercise increases the capacity for maintaining mitochondrial 1048 

proteostasis in skeletal and heart muscle.313 Regular voluntary wheel running reduces 1049 
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the accumulation of cytotoxic misfolded proteins in the heart of αB-crystallin mutated 1050 

(CryABR120G) mice, a model of desmin-related cardiomyopathy, by increasing 1051 

autophagy.314 One week of exercise training could reverse angiotensin Ⅱ-induced 1052 

muscle atrophy by activating peroxisome proliferator-activated receptor gamma and 1053 

inhibiting miR-29b.315 Exercise also causes protein degradation followed by a similar 1054 

scale rebuilding process, thus maintaining protein homeostasis.316  1055 

Moreover, exercise activates autophagy and re-establishes proteostasis in cardiac 1056 

diseases. For example, 4 weeks of treadmill running improves skeletal muscle 1057 

autophagic flux and proteostasis in the rat model of neurogenic myopathy.317 1058 

9.3. The ER stress response 1059 

The ER is a versatile organelle that involves the synthesis and folding of proteins as 1060 

well as calcium homeostasis and signaling. Perturbation of ER function causes ER 1061 

stress and subsequently activates the unfolded protein response (UPR), which is 1062 

conducive to cellular homeostasis. However, if the ER stress remains unmitigated or is 1063 

too strong and the UPR fails to restore ER function, the cells may degrade part of the 1064 

ER via autophagy in order to maintain homeostasis in the ER. Defects in ER 1065 

homeostasis have been implicated in the pathogenesis of metabolic diseases.318, 319 1066 

Exercise training represents a promising strategy for reestablishing ER homeostasis in 1067 

cardiovascular diseases and obesity. For instance, 8 weeks of treadmill exercise can 1068 

reestablish cardiac protein quality control and reduces ER stress, which is associated 1069 

with improved cardiac function in the failed hearts of rats.320 Moreover, 8 weeks of 1070 

swimming exercise is capable of suppressing aging-induced ER stress and ameliorating 1071 

cardiac dysfunction in aged mice by enhancing cyclic guanosine monophosphate 1072 

(cGMP)-protein kinase G signaling. Likewise, the inhibition of cGMP-specific 1073 

phosphodiesterase type 5 leads to reduced ER stress and improved cardiac function in 1074 
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aged mice while activation of ER stress eliminates the protective effect of exercise in 1075 

the same population.321 Furthermore, in humans, 3 months of moderate exercise 1076 

alleviates obesity-related ER stress by downregulating glucose-regulated protein 78 1077 

signaling.322 In a mouse model of Alzheimer’s disease, exercise improves vascular 1078 

function and attenuates ER stress.323 1079 

Additionally, in a recent study, acute exercise is reported to activate ER-phagy, which 1080 

is a selective ER autophagy regulated by ER-localized receptors, in order to ensure 1081 

proper cellular homeostasis. Mechanistically, ER-phagy receptor named family with 1082 

sequence similarity 134, member B anchors and fragments ER and then binds with 1083 

microtubule-associated protein light-chain-3 to promote ER membrane degradation.324 1084 

This study suggests that acute exercise-induced ER-phagy may serve as an important 1085 

adaptive stress response to maintain ER homeostasis. 1086 

9.4. Mitochondrial stress responses  1087 

Mitochondria are essential semi-autonomous cellular organelles that are maintained 1088 

through complex remodeling processes, including biogenesis, dynamic fission and 1089 

fusion, and mitophagy. These remodeling processes collectively contribute to 1090 

mitochondria quality control. Mitochondrial stress induced by aggravated misfolded 1091 

mitochondria proteins in the mitochondrial matrix, an impaired protein quality control 1092 

system, mitonuclear imbalance, or inhibition of the electron transport chain can trigger 1093 

the UPRmt.325  1094 

Regular endurance exercise is a powerful stimulus that promotes mitochondrial 1095 

remodeling. Activation of the UPRmt may mediate some of the exercise-induced 1096 

mitochondrial adaptations.326 For example, the activation of UPRmt is observed in 1097 

skeletal muscle during the acute phase of the contractile period and chronic contractile 1098 

activity.327  1099 
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Exercise also increases levels of the mitochondrial encoded peptide mitochondrial 1100 

open-reading-frame of the 12S rRNA-c, which can directly mediate mitonuclear 1101 

communication by translocating to the nucleus and regulating adaptive nuclear gene 1102 

expression to promote cellular homeostasis. Treatment of mice with mitochondrial 1103 

open-reading-frame of the 12S rRNA-c is associated with metabolic benefits, such as 1104 

weight loss, enhanced antioxidant capacity, and increased insulin sensitivity.328, 329 1105 

9.5. Lysosomal damage response 1106 

Lysosomes are the main organelles that accounts for proteolytic degradation and 1107 

recycling.330 Exercise influences the release of lysosomal enzymes in several cell 1108 

types,331, 332 suggesting that physical activity could modulate the lysosomal membrane 1109 

permeability. Thus, 4 weeks of aerobic exercise could mitigate the HFD-associated 1110 

lysosomal membrane permeabilization via the reduction of ROS.333 However, studies 1111 

focused on exercise-induced changes in lysosomal are still limited. 1112 

Finally, lysosomal biogenesis is also elevated in response to exercise. The increased 1113 

lysosomal biogenesis coordinates with mitophagy to enhance the breakdown of 1114 

dysfunctional mitochondria, thereby contributing to the maintenance of mitochondrial 1115 

quality.334  1116 

9.6. Tissue-level regeneration 1117 

The positive effects of exercise on cardiac regeneration are well-established. Regular 1118 

endurance exercise is capable of promoting heart growth and inducing cardiac 1119 

remodeling.335, 336 An enlarged heart due to regular exercise training is associated with 1120 

normal or enhanced heart function. Moreover, it is well-known that exercise confers 1121 

protection against heart failure.337 Mechanistically, exercise-induced cardiac adaptation 1122 

mainly includes cardiomyocyte growth, cardiomyocyte fate reprogramming, 1123 

angiogenesis and lymphangiogenesis, mitochondrial remodeling, epigenetic alteration, 1124 
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enhanced endothelial function, quiescent cardiac fibroblast, and improved cardiac 1125 

metabolism.146, 338 For instance, 3 weeks of swimming exercise causes a remarkable 1126 

increase in cardiac lymphangiogenesis via VEGFR3 activation. By contrast, VEGFR3 1127 

inhibition is capable of mitigating exercise-induced cardiac growth, indicating the 1128 

essential role of cardiac lymphangiogenesis in exercise-associated cardiac growth.339 1129 

In particular, IGF1-PI3K signaling is one of the essential pathways responsible for 1130 

exercise-related heart enlargement and protection.340 1131 

Skeletal muscle exhibits high plasticity and adaptation in response to various 1132 

demands. Adult skeletal muscle has the remarkable ability to regenerate after injury due 1133 

to the ability of muscle stem cells, also called satellite cells, to generate both new 1134 

myofibers and new muscle stem cells.341 Exercise training is a strong stimulator of 1135 

muscle plasticity, as it activates several intracellular signaling pathways that mediate 1136 

muscle growth and adaptations.342 For example, 4 weeks of treadmill training improves 1137 

muscle regeneration and induces muscle hypertrophy via the IGFBP7-Akt-mTOR axis 1138 

in mice.343 Moderate exercise improves tendon injury healing in aging rats by 1139 

increasing the number of tendon stem/progenitor cells.344  1140 

9.7. Cell identity reprogramming 1141 

Research studies demonstrate that exercise training can trigger metabolic 1142 

reprogramming in multiple cell types and, thus, alter their functional phenotypes. For 1143 

example, 16 weeks of treadmill exercise induces macrophage phenotypic switching 1144 

from M1 to M2 in the adipose tissue of obese mice, indicating improved inflammatory 1145 

outcomes in exercised obese mice.345 Additionally, 10 weeks of treadmill running could 1146 

promote the differentiation of mesenchymal stem cells into osteoblasts to increase 1147 

hematopoiesis.346 Moreover, 4 weeks of exercise training before surgery offers 1148 

protection against hepatic injury via the metabolic reprogramming of immune cells. 1149 
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Specifically, exercise encourages Kupffer cells toward an anti-inflammatory phenotype 1150 

with trained immunity.347   1151 

10. Integrative effects of exercise on health 1152 

Exercise maintains and restores homeostasis at the organismal, tissue, cellular, and 1153 

molecular levels to stimulate positive physiological adaptations and subsequently, to 1154 

protect against various disease conditions.27 The health benefit of regular exercise 1155 

training involve the acclimatization to repeated metabolic, thermoregulatory, hypoxic, 1156 

oxidative, and mechanical stress. An individual exercise bout elicits a rapid, but 1157 

transient response while the repetition of the stimulus causes compensatory 1158 

physiological changes that confer protection against greater subsequent stress.348, 349  1159 

Exercise elicits systemic impacts. The preventive and therapeutic potential of 1160 

exercise to combat the development and progression of various diseases lies in the 1161 

remarkable integrative adaptation that takes place at the whole-organism level. 1162 

Exercise-related physiological adaptations are characterized by complex interplay 1163 

among multiple organ systems, including the skeletal muscle, lung, heart, brain, 1164 

vascular system, liver, adipose tissue, etc.350, 351 Exercise therapy has been proposed as 1165 

an effective pre-operative therapy providing a series of positive effects on a patient’s 1166 

physical fitness prior to surgery, on their recovery period, and on the length of hospital 1167 

stay.352-354 It has been suggested the protective effects of pre-operative exercise are 1168 

largely due to an enhanced tolerance to systemic perturbance as well as an improved 1169 

metabolism. For example, 4 weeks of aerobic pre-operative exercise is capable of 1170 

significantly ameliorating liver injury and inflammation in mice with hepatic 1171 

ischemia/reperfusion injury. Mechanistically, exercise promotes the production of high 1172 

mobility group box 1 and upregulates the itaconate metabolism in Kupffer cells, thereby 1173 

inducing anti-inflammatory trained immunity.347 1174 
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11. Conclusions and prospect  1175 

The beneficial effects of exercise have been well-documented for a range of improved 1176 

metabolic and cardiorespiratory fitness-related outcomes.355 Regular exercise is 1177 

essentially considered a non-pharmacological polypill for patients with certain 1178 

comorbidities. Therapeutic exercise can be adopted to prevent, manage, and treat 1179 

diseases such as obesity, type 2 diabetes, cardiovascular disease, aging-related muscle 1180 

atrophy, and certain cancers. However, caution should be taken when interpreting these 1181 

discoveries, as exercise protocols may vary across studies.  1182 

Exercise is a complex, multidimensional process that is challenging to accurately 1183 

assess in free-living individuals. The lack of consistency in the methods applied to 1184 

quantify exercise is a limitation to data analysis and may hinder the translation from 1185 

experimental findings to clinical practice. Thus, future work involving exercise should 1186 

be performed based on strictly designed and well-reported trials with good 1187 

reproducibility.356 1188 

In this review, we have attempted to summarize the health benefit of exercise from 1189 

the view of biological causes. Due to limited space, it is hard to provide a 1190 

comprehensive review for each individual topic. However, the topics and 1191 

characteristics that have been discussed may provide a mechanistic view for exercise-1192 

related studies. As the biology of exercise is complex, we have listed examples to 1193 

explain the effects of exercise on each topic and characteristic, which may be helpful 1194 

for gaining a comprehensive understanding the exercise-induced adaptations. 1195 

Regarding the conflicting findings between current Mendelian randomization studies 1196 

and traditional observational studies in section 7.2, future researchers should perform 1197 

more mechanistic studies in order to unravel the biological pathways of exercise. In 1198 

addition, exercise-stimulated interorgan communication is less well-investigated. 1199 



 49 

Further detailed study of exercise-related interorgan communications and its underlying 1200 

mechanisms may shed light on the identification of exercise-responsive molecules. 1201 

Regular exercise is undoubtedly beneficial for overall health. Yet, the mechanisms that 1202 

underlie the multiple health benefits of exercise are complex, and efforts devoted to 1203 

exploring the adaptation of organelles (e.g., mitochondria, nuclei, ER) may be helpful 1204 

for understanding the positive effects of exercise. 1205 

Further investigation of the mechanisms underlying the beneficial effects of exercise 1206 

will help to improve the design and maximize the curative effects of exercise 1207 

interventions. Therefore, there is a need for prior in-depth knowledge of the scientific 1208 

basis of exercise in order to better understand the effects of potential subsequent 1209 

interventions oriented toward the modification of exercise methods for health 1210 

promotion and to research specific molecules that may improve the health of those who 1211 

are unable to exercise. We hope that continuing investigation in this field will increase 1212 

our understanding of the processes involved in the beneficial role of exercise and 1213 

facilitate the identification of new therapeutics to improve quality of life. 1214 
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Figure legends 2225 

 2226 

Fig. 1. Summary of the main regulatory mechanisms by which exercise sustains health. 2227 

Exercise impacts the major hallmarks of health, including the integrity of barriers, 2228 

containment of local perturbations, recycling and turnover, integration of circuitries, 2229 

rhythmic oscillations, homeostatic resilience, hormetic regulation, as well as repair and 2230 

regeneration. 2231 

 2232 

Fig. 2. Effects of exercise on the integrity of barriers and the underlying mechanisms. 2233 

The biological changes of barriers through which exercise sustains health. FABPpm = 2234 

plasma membrane fatty acid-binding protein; FAT = fatty acid translocase; HMGB1 = 2235 

high mobility group box 1; IL-15 = interleukin-15; Mst1 = mammalian sterile 20-like 2236 

kinase 1; NF-κB = nuclear factor-kappa B; NPC = nuclear pore complex; PECAM-1 = 2237 

platelet and endothelial cell adhesion molecule 1; REDD1 = regulated in development 2238 

and DNA damage 1; TLR4 = toll-like receptors 4. 2239 

 2240 

Fig. 3. Benefits of exercise on the maintenance of local homeostasis and the involved 2241 

mechanisms. Regular exercise at moderate intensity generally contributes to the 2242 

maintenance of systemic homeostasis. ACE2 = angiotensin-converting enzyme 2; IFNγ 2243 

= interferon-γ; IL = interleukin; miR = microRNA; NK cells = natural killer cells; 2244 

TMPRSS2 = transmembrane protease serine 2; TNF-α = tumor necrosis factor-α; WBC 2245 

= white blood cell counts. 2246 

 2247 

Fig. 4. Benefits of exercise for recycling and turnover. (A) The critical regulators and 2248 

signaling pathways involved in the positive effects of exercise on cellular remodeling, 2249 
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including cell proliferation, cell growth, cell survival, and cell death. (B) The regulation 2250 

of autophagy during exercise training. The common regulatory pathways underlying 2251 

exercise-induced autophagy involve the activation of AMPK-ULK1 signaling pathway, 2252 

FoxO and PGC1α, etc. AMPK = adenosine monophosphate-activated protein kinase; 2253 

ASK1 = apoptosis signal-regulating kinase 1; BDNF = brain-derived neurotrophic 2254 

factor; cAMP = cyclic adenosine monophosphate; C/EBPβ = CCAAT/enhancer-2255 

binding protein β; CITED4 = CBP/p300-interacting transactivators with E (glutamic 2256 

acid)/D (aspartic acid)-rich-carboxyl terminal domain; CPhar = cardiac physiological 2257 

hypertrophy-associated regulator; eNOS = endothelial nitric oxide synthase; FoxO = 2258 

forkhead box O; IGF1 = insulin-like growth factor 1; miR = microRNA; PGC1α, 2259 

peroxisome-proliferator-activated receptor coactivator 1α; PI3K = phosphoinositide 3-2260 

kinase; SIRT1 = sirtuin 1; TERT = telomerase reverse transcriptase; ULK1 = unc-51-2261 

like kinase 1.  2262 

 2263 

Fig. 5. Exercise has systemic effects. Exercise leads to systemic effects by evoking the 2264 

coordinated and integrated adaptation of multiple organ systems. Exercise results in the 2265 

secretion of myokines, adipokines (e.g., TGFβ, leptin) and hepatokines as well as by-2266 

products of gut microbiota (e.g., SCFA) that have key roles in interorgan 2267 

communication and, thus, mediate many of the beneficial effects of exercise. 5-HT = 2268 

serotonin; FGF21 = fibroblast growth factor-21; GDF15 = growth differentiation 2269 

factor-15; HSP72 = heat shock protein 72; SCFA = short-chain fatty acids; SIRT1 = 2270 

sirtuin 1; TGFβ = transforming growth factor-β. 2271 

 2272 

Fig. 6. Exercise-associated beneficial adaptations in response to stress. Exercise confers 2273 

multiple health benefits via different strategies, including improving resilience, 2274 
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hormetic regulation, and modulating the process of repair and regeneration in response 2275 

to damage. ER = endoplasmic erticulum; UPRmt = mitochondrial unfolded protein 2276 

responses. 2277 

 2278 

Fig. 7. Regular exercise confers multiple health benefits and better survival. The 2279 

adaptations in multiple tissues and organ systems contribute to the maintenance of 2280 

whole-body health. AMPK = adenosine monophosphate-activated protein kinase; 2281 

BDNF = brain-derived neurotrophic factor; CaMK = calcium/calmodulin-dependent 2282 

protein kinase; GPx = glutathione peroxidase; IGF1 = insulin-like growth factor 1; 2283 

MAPK = mitogen-activated protein kinase; NGF = nerve growth factor; NK cells = 2284 

natural killer cells; NO = nitric oxide; PGC1α = peroxisome-proliferator-activated 2285 

receptor coactivator 1α; SIRTs = sirtuins; SOD = superoxide dismutase; VEGF = 2286 

vascular endothelial growth factor; VEGFA = vascular endothelial growth factor A; 2287 

VEGFR3 = vascular endothelial growth factor receptor 3.  2288 
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Table 1. The detailed exercise protocols in human studies cited in this review. 2300 
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Table 1. The detailed exercise protocols in human studies cited in this review. 

 

Reference Exercise protocols Subject Effect Mechanism 
51 120 min cycling at 60% VO2max, which is 

determined by an incremental ride to exhaustion 
on a cycle ergometer 

Human Increase fatty acid transport Increase FAT/CD36 and 
FABPpm 

 

61 1 h of treadmill running at 80% VO2max, 0% 
grade 

Human Increase small intestinal permeability  / 

62 A standard marathon (42.16 km) Human  Increase intestinal permeability / 

64 Two 1-h-long bouts of submaximal treadmill 
exercise at 65% VO2max 

Human  Increase gut barrier permeability / 

95 45 min cycling (start with 30 min cycling at 
65% of HRmax and progressed by 5% every 
other week until intensity reached 75% of 
HRmax), twice per week for 12 weeks 

Human (65-86 years 
old) 

Attenuate skin aging and enhance 
mitochondrial biogenesis 

Increase IL-15 level 

116 12 weeks combined endurance (20 min 
treadmill walking at 70-80% heart-rate reserve) 
and resistance exercise (8 sets of exercises, 2 
sets at 70-80% of one-repetition maximum, 30 
min), 3 days/week 

Human (65-80 years 
old) 

Reduced systemic inflammation Reductions in 
CD14+CD16+ 
monocytes 

126 1-h cycling at 70% of VO2max Human  Increased levels of inflammatory gene / 



138 Three 30-min bouts of cycling exercise at -5%, 
+5%, or +15% of lactate threshold 

Human Augment cytotoxicity against tumor cells Enhanced NK cell 
activity 

188 Marathon (a 42.2-km running race) Athlete Increased plasma level of GDF15 Changes in circulating 
immune cells levels 

190 1 h cycling exercise at 67% of VO2max Human Increased plasma level of GDF15 / 

234 Maximal exercise test, start cycling with a 75 W 
load for 3 min (warm-up stage) followed by 
increments of 25 W every 3 min until volitional 
exhaustion 

Human Significant modulation of clock genes in 
effector-memory CD4+ T cells 

/ 

322 3 months of moderate exercise involves a 
combination of treadmill or cycling, each 
exercise session included 10 min warm-up and 
cool-down steps at 50%-60% of HRmax, along 
with 40 min of the prescribed exercise program 
at 65%-80% of HRmax, 3 times/week  

Obese human subject 
(30 kg/m2 ≤ BMI < 40 
kg/m2) 

Alleviate obesity-related ER stress Downregulate GPR78 
signaling 

Note: “/” stands for “unknown”. 

Abbreviations: BMI = body mass index; ER = endoplasmic reticulum; FABPpm = plasma membrane fatty acid-binding protein; FAT = fatty acid translocase; 

GDF15 = growth differentiation factor-15; GRP78 = glucose-regulated protein 78; HRmax = maximal heart rate; IL-15 = interleukin-15; NK cell = natural 

killer cell; VO2max= maximal O2 uptake; W =watt. 



Table 2. Effects of exercise on health outcomes in humans with different conditions. 
 

Reference  Design  Participant condition No. of 
participants 

Age (years; 
mean ± SD) Intervention  Outcome  

57 RCT Woman living in a 
nursing home support 
center; capacity to 
practice exercise 
without causing harm 
to themselves with 
approval of the medical 
department 

25 (C = 12; 
I = 13) 

C = 82.0 ± 
7.5, I = 83.5 ± 
7.3  

14 weeks of combined resistance (e.g., front 
squat, bench over row, standing reverse fly, etc) 
and aerobic exercise training (e.g., stimulated 
walking, hip marching, standing rear leg 
extension, etc.) twice a week 

Maintained concentrations 
of peripheral markers for 
BBB integrity and improved 
cytokine balance 

77 RCT Patients with moderate-
to-severe COPD 

30 (C = 15; 
I = 15) 

>40a 30 min of respiratory muscle-stretching 
exercise (intervention group) or upper and 
lower limb muscle-stretching (control group), 
followed by 30 min of aerobic training 
(treadmill running), twice a week for 12 weeks 

Aerobic training combined 
with respiratory muscle-
stretching increases the 
functional exercise capacity 
with decreased dyspnea in 
patients with COPD 

89 RCT Healthy young adults 16 24 ± 5 A 30-min CE and a 60-min IE (1-min work and 
1-min rest) at 70% of their maximum work rate 
on separate occasions in a random order 

The 30-min CE caused mild 
airway damage, while a 
time- or work-matched IE 
did not 

97 RCT Patients with venous 
leg ulcers 

59 (C = 30; 
I = 29) 

71.5 ± 14.6 12 weeks home-based progressive resistance 
exercise  

A trend toward healing at a 
faster rate and better 
functional outcomes 

98 RCT Healthy adults 28 (C = 15; 
I = 13) 

61.0 ± 5.5 1 h exercise per day (start with 10 min of warm-
up floor exercises and stretching, followed by 
30 min cycling, 15 min of brisk walking and or 
jogging and arm-strengthening exercise, 5 min 

Enhance rates of wound 
healing 



of cool-down exercise), 3 days per week for 3 
months 

132 RCT Healthy adults 144 
(Cardio =  
74; Flex = 
70) 

69.9 ± 0.4 10-month cardio intervention (began at 45%-
55% of VO2max and progressed to 60%-70% of 
VO2max within 3 months, 3 days/week, the 
duration of each session increased from 10-15 
min to approximately 45-60 min by the 4th 
month) was compared to Flex intervention (2 
days/week for approximately 75 min/session) 

Cardio intervention resulted 
in a longer-lasting 
seroprotective response to 
influenza vaccination 

aThe data is not mean ± SD. 
Abbreviations: BBB = blood–brain barrier; C = control; Cardio = cardiovascular exercise group; CE = continuous exercise; COPD = chronic obstructive 
pulmonary disease; Flex = flexibility and balance group; I = intervention; IE = intermittent exercise; RCT = randomized controlled trial; VO2max = maximal 
oxygen uptake. 



 

Supplementary Table 1 

The detailed exercise protocols in animal studies cited in this review. 

 

Reference Exercise protocols Subject Effects Mechanisms 
Integrity of barriers 

35 45 min running at 12 m/min, or the first 25 min 
running at 12 m/min followed by increments of 
2 m/min every 5 min, with the last 5 min 
running at 20 m/min 

Mouse Alteration of the interaction between 
mitochondria and other organelles such as 
the ER 

Upregulate REDD1  

37 17-week voluntary wheel running exercise or 
8-week treadmill running at a speed of 25 
m/min, 0% grade, 1 h/day, 5 days/week 

Rat model of NASH Protect against NASH-induced alterations 
in mitochondrial membrane composition 

Increase the PC/PE ratio  

39 1 h of running at 25 m/min/day, 0% grade, 5 
days/week, 8 weeks 

Rat model of NASH Decrease mitochondrial membrane 
permeability 

Inhibit mPTP opening 

40 30 min of running at 10 m/min/day for 7 days, 
0o slope 

Rat model of 
cerebral ischemic  

Protect mitochondrial integrity Increase caveolin-1 
level 

41 30 min at 4 m/min/day for the first week, 30 
min at 6 m/min/day for the second week, 45 
min at 8 m/min/day for the third week, 45 min 
at 10 m/min/day for the fourth week, 60 min at 
10 m/min for the following 8 weeks, 10% 
slope 

Diabetic mouse Enhance mitochondrial membrane 
potential 

Decrease Mst1  



45 40 min running at 17 m/min, 5o incline, 5 
sessions/week for 6 weeks 

Lmna (+/-) mouse Attenuate DCM development / 

46 4 months of running wheel exercise Older mouse Sustain the NE integrity Increase Lamin B1 and 
NPC protein  

49 50 min at 13.5 m/min/day for 2 weeks, 10% 
grade 

HFD-fed mouse Prevent cholesterol accumulation in the 
PM of skeletal muscle cells 

/ 

51 120 min of treadmill running at 20 m/min Rat Increase fatty acid transport Increase FAT/CD36 and 
FABPpm 

55 Strength training (consists of climbing and 
ladder carrying a load corresponding to 25% of 
the animal’s body weight, trained 5 days/week 
for 4 weeks), endurance training (incremental 
treadmill running at 13-17 m/min, 5 days/week 
for 4 week 

Mouse model of 
multiple sclerosis 

Prevent BBB disruption Increase tight-junction 
proteins (occludins and 
claudin-4) and decrease 
PECAM-1 

59 Treadmill running at 60% of exhaustion 
velocity for a total of 165 min, distributed 
among three 45 min exercise sessions with a 
15-min interval between them 

Obese mouse Enhance the regulation of food intake Increase PI3K-p110α 
protein 

65 1100 miles in 10 days Dog Increase intestinal permeability / 

70 5 weeks of combined aerobic (30 min 
continuous running at 20-25 cm/s, 10-25o 
incline) and resistance training (eight 2-min 
running bouts at 20-25 cm/s separated by 1 
min of rest, 10-25o incline) 

HFD-fed rat Preserve intestinal barrier integrity Counteract 
HFD-induced microbial 
imbalance 



71 6 weeks of running at 10 m/min for 30 min per 
day, 6 days/week, 0% slope 

Mouse model of 
obstructive jaundice 

Protect intestinal mucosal barrier  Inhibit the 
HMGB1/TLR4/NF-κB 
pathway 

72 7 weeks of swimming exercise, 1 or 1.5 h/day 
for 5 days per week 

Rat model of 
DSS-induced chronic 
colitis 

Ameliorate colon barrier disruption Regulate inflammation, 
oxidative stress, and 
apoptosis 

93 45 min running at 15 m/min, 3 times/week for 
5 months 

PolG mouse Prevent age-associated thinning of the 
dermis 

/ 

94 40 min of running wheel exercise per day for 8 
weeks 

HFD-fed mouse Reduce amount of subcutaneous tissue 
and adipocyte size 

Improve dermal 
collagen density 

95 Running at 16 m/min for the first week, then 
increased to 18 m/min for 26 consecutive days, 
1 h/day, 10o uphill grade 

Mouse (5 months 
old)  

Attenuate skin aging and enhance 
mitochondrial biogenesis 

Increase IL-15 level 

Running at 10 m/min for the first week, 12 
m/min for the second week, and 14 m/min for 
the next 19 consecutive days, 1 h/day, 10o 
uphill grade 

Mouse (23 months 
old)  

Maintenance of local homeostasis 

99 30 min of running at ~70% VO2max daily for 8 
days 

Mouse Reduce wound size Decrease 

inflammation  

100 4 weeks of voluntary wheel running exercise Mouse Decrease skin graft rejection and 
increases graft survival 

Proliferate CD4+ T cell 
and increase production 
of interferon-γ  



101 1 h of treadmill running at 18 m/min for 9 
continuous days, 0o inclination 

Mouse Promote wound healing Increase capillary 
density via miR-122-5p 

107 5 days/week for 14 weeks (running from 8 
m/min (week 1) to 18 m/min (week 8), 
exercise duration gradually increases during 
weeks 1-4, from weeks 5-8, running 40-45 min 
/day, then 45 min/day at 18 m/min for 6 weeks) 

Mouse Attenuate influenza infection Decrease viral load and 
illness severity 

112 8 weeks of treadmill running at 17-25 m/min, 
60-90 min, 5 sessions/week 

Mouse Alter the levels of host proteins involved 
in SARS-CoV-2 cell entry 

Regulate ACE2, 
FURIN, and TMPRSS2, 
etc. 

114 30 days of voluntary wheel running exercise Mouse model of 
DSS-induced colitis 

Reduce colitis symptoms and colon 
inflammation 

/ 

115 30 min of treadmill running at 8-12 m/min and 
5% grade (~65%-70% VO2max), 3 times/week 
for 8 weeks 

Mouse model of 
sepsis 

Attenuate sepsis-induced lung damage Decrease   and 
increase IL-10 

119 6 weeks of voluntary wheel running  Mouse Reduce inflammatory cell production and 
cardiovascular inflammation  

Decrease hematopoietic 
activity 

137 4 weeks of voluntary wheel running prior to 
tumor cell inoculation 

Mouse Reduce tumor growth by over 60% 
percent  

Mobilization of NK 
cells 

140 4 weeks of voluntary wheel running Mouse Prevent cellular senescence Upregulate telomerase 
activity and 
telomere-stabilizing 
proteins 



141 21 days of voluntary wheel running Mouse Prevent cellular senescence Upregulate telomerase 
activity and 
telomere-stabilizing 
proteins 

143 4 weeks of treadmill exercise, running at 6o 
incline, 2 min at 0 m/min, speed of 5 m/min, 8 
m/min, 10 m/min for 1 min each, then 30 min 
running at 12 m/min (week 1), increase 2 
m/min each week, and cool down at 5 m/min 
for 2 min for 1 session (37 min), 2 
sessions/day 

Mouse (84 weeks 
old) 

Reduce senescence in adipose tissue Change the immune-cell 
distribution 

144 60 min of swimming exercise for 12 weeks, 5 
times/week 

D-Galactose-induced 
aging rat model 

Suppress the senescence process of the 
liver 

Downregulate p53 and 
p21 

Recycling and turnover 

141 21 days of voluntary wheel running Mouse Enhance cardiac myocyte survival and 
prevent cardiac cell death 

Upregulate TERT, 
eNOS, IGF1 

147 5 days of treadmill running per week, start 
with 30 min running with gradual speed  
increase (8, 11, 15, 18 and 22 cm/s, 4o slope, 6 
min each step) for 1 week, then run at 22 cm/s 
and 4o slope for 1 h per day for 3 weeks 

Mouse Reduce cardiomyocyte apoptosis and 
myocardial infarct size after 
ischemia-reperfusion 

Increase circulating 
myonectin levels via 
cAMP/Akt signaling 

148 4-week swim training, twice daily (from 5:00 
PM to 6:30 PM and 11:00 PM to 0:30 AM) for 
7 days a week, the first day of swim training 
contains two 10-min sessions separated by at 
least 4 h. Sessions were gradually increased to 
90 min/day for 1 week 

Mouse Reduce cardiomyocyte apoptosis and 
promote cardiomyocyte survival 

Upregulate exosomal 
miR-342-5p level 



149 3-week swim training, start from 10-min twice 
daily with a 10-min increase each day until 
reaching 90 min 

Mouse Promote cardiomyocyte growth and 
decrease cardiomyocyte apoptosis 

Upregulate lncRNA, 
CPhar 

150 4 weeks of treadmill running, 5 days per week 
for 30 min each day at 9 m/min 

Rat model of optic 
nerve transection 

Increase the survival rate of retinal 
ganglion cells 

Upregulate BDNF 

161 8 weeks of treadmill running, the speed and 
duration were progressively increased to elicit 
60% of maximal speed (corresponding to the 
maximal lactate steady-state workload) at the 
second week of exercise, 5 days/week, 1 h/day 

Rat model of 
MI-induced heart 
failure 

Improve cardiac autophagic flux / 

Different circuitries 

170 4-week swim training (started with 10 min and 
increased by 10 min daily until 90 min, twice 
per day, the interval between two times is more 
than 4 h) or 8 weeks of running (started with 
10 min at 5 m/min and increased 10 min and 2 
m/min daily until 60 min at 15 m/min) 

Mouse Prevent cardiomyocyte apoptosis Downregulate HIPK2 
and p-P53 

171 3-week swimming exercise, started with 10 
min and increased by 10 min daily until 90 
min, twice per day 

Mouse Protect against MI and 
doxorubicin-induced cardiac injury 

Upregulate ADAR2 

172 4-week swim exercise, started with 10 min and 
increased by 10 min daily until 90 min, twice a 
day 

Mouse Reduce cardiac ischemia-reperfusion 
injury 

Upregulate miR-486 



192 9 weeks of treadmill exercise, 5 days/week 
(week 1 started at 5 min/day and ended at 25 
min/day, 15 m/min; week 2 started at 30 
min/day and progressed to 50 min/day, 20 
m/min) 

Diabetic rat Attenuate the diabetes-induced changes in 
collagen fibrils, cytoplasmic area, and 
level of mitochondrial impairment 

/ 

193 30 min of treadmill running at 15 m/min a day, 
6 days/week for 3 weeks 

Aged rat (22 months 
old) 

Increase angiogenesis / 

194 7 weeks of treadmill running, began with 10 
min warm-up at 5 m/min, followed by 10 
high-intensity (~90% of VO2max) intervals of 
4 min each, separated by 2 min of active rest), 
5 days/week, 25o incline 

Mouse Increase angiogenesis Mediated via the lactate 
receptor HCAR1 

Rhythmic oscillations 

224 2 h of voluntary wheel running or treadmill 
running per day for 4 weeks 

Mouse Shift the circadian clock in skeletal 
muscle 

/ 

Homeostatic resilience 

158 2-week endurance training (5 min treadmill 
running at 10 cm/s and 0o slope, 5 min at 10 
cm/s and 10o slope, 15 min at 15 cm/s and 10o 

slope, 20 min at 18.5 cm/s and 10o slope a day) 
or resistance training (climb 10 repetitions of 
15 steps for one series, 6 series/day, week 1 (3 
days without weight load, 2 days with 15 g 
weight load), week 2 (2 days without weight 
load, 3 days with 20 g weight load)), 5 
days/week 

Mouse Increase hippocampal neurogenesis / 



244 2 to 4 months of voluntary wheel running Mouse Increase hippocampal neurogenesis / 

281 8 weeks of treadmill running, began with 10 
min at 5 m/min, then gradually increased 
distance 2 m/min daily until 60 min at 15 
m/min 

Mouse model of MI Change the gut microbial community 
structure 

Increase 3-HPA and 
4-HPA 

209 4 weeks of treadmill running exercise at 12-24 
m/min and 15-50 min/day, 5 days/week, 10o 

slope 

Mouse A greater relative abundance of 
Desulfovibrio and Desulfovibrio sp. 

/ 

209 Climbing exercise with 400-2000 steps and a  
20-50 g weight load per session, an 
accumulations work of 260 mJ (g m2/s2) was 
achieved daily, 5 days/week for 4 weeks 

Mouse A greater relative abundance of 
Clostridium and C.cocleatum 

/ 

Hormetic regulation 

287 2 weeks of treadmill running between 1800 
and 2000 hours, each exercise section 
contained 15 min warm-up (treadmill speed 
gradually increased from 5 to 18 m/min over 
15 min) and 50 min running at 18 m/min as 
well as a 5 min cooling-down period  

Mouse Increase UPRmt in POMC neurons and 
inguinal white adipose tissue 

Increase IL-6 levels 

Repair and regeneration 

305 8 weeks of treadmill running (resulted in a 
nearly 40% increase in VO2max)  

Aged rat (30 months 
old) 

Decrease the accumulation of oxidative 
damage of DNA and proteins in skeletal 
muscle 

/ 

314 7 months of voluntary wheel running CryABR120G mouse Reduce the accumulation of cytotoxic 
misfolded proteins in the heart 

Increase autophagy 



315 60 min of treadmill training at 15 m/min and 
15o inclination per day for 1 week 

Mouse model of 
AngⅡ-induced 
muscle atrophy 

Attenuate muscle atrophy Activate PPARγ and 
inhibit miR-29b 

317 1 h of treadmill running at 60% of maximal 
aerobic capacity, 5 days/week for 4 weeks 

Rat model of 
neurogenic 
myopathy 

Improve skeletal muscle autophagic flux 
and proteostasis 

/ 

320 1 h of treadmill exercise at 60% of the 
maximal speed that corresponds to the 
maximal lactate steady state workload per day, 
5 days/week for 8 weeks 

Rat model of MI Re-establish cardiac protein quality 
control and reduce ER stress 

/ 

321 1 h of swimming exercise, 5 days/week for 8 
weeks  

Aged mice (20 
months) 

Suppress aging-induced ER stress Enhance cGMP-PKG 
signaling 

323 1 h of treadmill exercise at 16 m/min and 5o 
incline, 5 days/week for 10-12 weeks 

Mouse model of AD Attenuate ER stress in AD mice brain / 

324 90 min downhill run with a slope of -16o and a 
speed of 16 m/min 

Rat  Activate ER-phagy FAM134B anchors and 
fragments ER, and then 
binds with LC3 to 
promote ER membrane 
degradation 

327 3 h/day of chronic contractile activity, tibialis 
anterior and extensor digitorum longus 
muscles were subjected to stimulation (6 V, 10 
Hz continuous, 0.1-ms pulse duration, 999 ms 
of rest per second), 2 days 

Rat Activate UPRmt / 

333 30 min/day of running exercise on a rotarod for HFD-fed rat Mitigate the HFD-associated lysosomal Reduce ROS 



4 weeks membrane permeabilization 

339 3 weeks of swimming exercise, began with 10 
min twice a day and increased by 10 min/day 
until reaching 90 min twice a day 

Mouse Physiological cardiac growth  Increase 
lymph-angiogenesis via 
VEGFR3 activation 

343 30 min/day of treadmill running at 12 m/min 
and 5o, 4 days/week for 4 weeks 

Mouse Improve muscle regeneration and induce 
muscle hypertrophy 

Igfbp7-Akt-mTOR 
signaling 

344 Running 30 min/day at 13 m/min, 5 days for 4 
weeks 

Aging rat (20 months 
old) 

Improve tendon injury healing Proliferation of tendon 
stem/progenitor cells 

345 60 min/day of treadmill running at 12-20 
m/min, 5 times/week for 16 weeks 

HFD-fed mice Induce the macrophage phenotypic 
switching from M1 to M2 in adipose 
tissue 

/ 

346 3 days/week of treadmill running for 10 weeks, 
the speed of running began at 14 m/min for 45 
min (week 1) and increased to 24 m/min for 45 
min (week 10), the training protocol was 
always preceded by a 10 min warm-up at 10 
m/min and followed by a 5 min cool-down at 
10 m/min 

Mouse Promote the differentiation of 
mesenchymal stem cells into osteoblasts 

/ 

347 1 h of treadmill running at 12.5 m/min per day, 
5 days/week for 4 weeks 

Mouse Anti-inflammatory trained immunity of 
Kupffer cells 

Metabolic 
reprogramming 

Note: / stands for unknown. 
Abbreviations: ACE2 = angiotensin-converting enzyme 2; AD = Alzheimer’s disease; ADAR2 = adenosine deaminases acting on RNA2; AngⅡ = 
angiotensin Ⅱ; BBB = blood–brain barrier; BDNF = brain-derived neurotrophic factor; cAMP = cyclic adenosine monophosphate; cGMP = 
cyclic guanosine monophosphate; CPhar = cardiac physiological hypertrophy-associated regulator; CryABR120G = αB-crystallin mutated; DCM 
= dilated cardiomyopathy; DSS = dextran sodium sulfate; ER = endoplasmic reticulum; eNOS = endothelial nitric oxide synthase; FABPpm = 



plasma membrane fatty acid-binding protein; FAM134B = family with sequence similarity 134, member B; FAT = fatty acid translocase; 
HCAR1 = hydroxycarboxylic acid receptor 1; HFD = high-fat diet; HIPK2 = homeodomain interacting protein kinase 2; HMGB1 = high 
mobility group box 1; HPA = hydroxyphenylacetic acid; IGF1 = insulin-like growth factor 1; Igfbp7 = insulin-like growth factor-binding 
protein 7; IL = interleukin; LC3 = microtubule-associated protein light-chain-3; MI = myocardial infarction; miR = microRNA; mPTP = 
mitochondrial permeability transition pore; Mst1 = mammalian sterile 20-like kinase 1; mTOR = mammalian target of rapamycin; NASH = 
non-alcoholic steatohepatitis; NE = nuclear envelope; NF-κB = nuclear factor-kappa B; NK cells = natural killer cells; NPC = nuclear pore 
complex; PC = phosphatidylcholine; PE = phosphatidylethanolamine; PECAM-1 = platelet and endothelial cell adhesion molecule 1; PI3K = 
phosphoinositide 3-kinase; PKG = protein kinase G; PM = plasma membrane; POMC = proopiomelanocortin; PPARγ = peroxisome 
proliferator-activated receptor gamma; REDD1 = regulated in development and DNA damage 1; ROS = reactive oxygen species; SARS-CoV-2 
= severe acute respiratory syndrome coronavirus 2; TERT = telomerase reverse transcriptase; TMPRSS2 = transmembrane protease serine 2; 
TLR4 = toll-like receptor 4; UPRmt = mitochondrial unfolded protein responses; VEGFR3 = vascular endothelial growth factor receptor 3; 
VO2max = maximal oxygen uptake. 

 

 


