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SUMMARY

In a little over 100 years, global life expectancy has increased by ~60%. Paradoxically, it has been estimated
that we now exercise five times less than we did 100 years ago. Despite a marked increase in life expectancy,
the prevalence of non-contagious diseases (NCDs), otherwise known as “chronic lifestyle diseases,” such as
cardiovascular disease, type 2 diabetes, cognitive diseases, and cancer, has increased. Here, we discuss the
concept of “exercise as medicine” for the treatment of NCD and provide evidence for the direct mechanisms
by which regular physical activity can either prevent the onset or slow the progression of these diseases.

INTRODUCTION

Since the turn of the 20" century, global life expectancy has
increased from 46 to 76 years for men and from 48 to 82 years
for women. This has largely been due to incredible medical
breakthroughs in the treatment of infectious, hereditary, and
non-contagious diseases (NCDs). Paradoxically, in this inter-
vening period, technological and social changes have reduced
levels of physical activity.' Evidence is now unequivocal that a
lack of physical activity not only has direct effects on the preva-
lence of NCD but also has profound additive effects of other risk
factors for NCD, such as obesity and hypertension.>® Whereas
lifespan has increased, “healthspan,” remaining healthy and
free from NCD, has not proportionally increased.” This review
aims to provide evidence that regular physical activity can be a
therapeutic strategy to treat the most common NCDs, cardio-
vascular disease (CVD), type 2 diabetes (T2D), neurological dis-
eases, and certain cancers.

HISTORY OF EXERCISE AS A THERAPEUTIC
INTERVENTION FOR NCD

We must first acknowledge the pioneering work of the late
Charles M. Tipton when writing this section of the review. In
important previous reviews, Tipton traced the origins of exercise
as a therapeutic intervention for NCD. While Hippocrates was
acknowledged as the first physician to prescribe exercise for pa-
tients suffering from disease, followed by the influence of Galen
from Rome, exercise as a therapeutic intervention can be traced
as far back as several hundred years before the common era
(BCE).>” According to Tipton, a physician named Sushruta
from the Indus River civilization in India advocated mild to mod-
erate exercise for his patients to make the body stronger,
improve growth, maturation, digestion, and complexion, while
preventing laziness and cognitive decline.” In addition to the his-
tory of exercise as medicine in ancient India, evidence also exists

that exercise was prescribed to prevent disease as part of the
yin-yang doctrine in the Yellow River civilization in ancient
China.” Hu Tho, an ancient Chinese surgeon, 2500 BCE,
encouraged exercise based on the movement of animals such
as tigers.® In addition, Kung Fu had its origins in medical gym-
nastics.®

Hippocrates and Galen

It is well accepted that Hippocrates (ca. 460 BCE-ca. 370 BCE),
the Greek physician and philosopher, is the founder of “exercise
as medicine,” stating, “walking is man’s best medicine.” Hippo-
crates is credited as being the founder of the idea that illness was
not caused by gods, but rather by lifestyle.” He emphasized
moderation in both energy input and output, recognizing that
over consumption of nutrients, and overreaching in terms of
physical activity, could both be detrimental, being famously
quoted as saying “If we could give every individual the right
amount of nourishment and exercise, not too little and not too
much, we would have found the safest way to health.” The
teachings of Hippocrates were followed by the Greek physician
Galen (ca. 130 CE—ca. 210 CE), who revered Hippocrates and
developed many of his teachings, including those related to a
healthy lifestyle. Galen was credited with developing the theory
of hygiene (named after Hygieia, the goddess of health).'® This
theory contained six components that could be modified, in
part, by a person. These included the environment, sleep,
food, mood/emotions, and motion (exercise). Similar to Hippo-
crates, Galen was an advocate for moderation in both energy
intake and output. Galen is also credited with being the founder
of ball sports. In his short essay “The exercise with the small ball”
he wrote, “The form of exercise most deserving of our attention
is therefore that which has the capacity to provide health of the
body, harmony of the parts, and virtue in the soul; and all these
things are true of the exercise with the small ball.”'® It could be
argued that Galen was also the first to recognize that excess
adiposity was detrimental to health stating that small ball
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exercise was “extremely beneficial for health, and brings about a
well-balanced condition, without any undue accumulation of
flesh or excess thinness.” ' The commitment of ancient Greece
to athletic competition is well documented. The most important
competitions were inaugurated in 776 BCE at Olympia in the Pe-
loponnesus. Despite this commitment, it is important to
acknowledge that Galen did not endorse competitive athletics.
He suggests that athletes “exceed the proper measure in exer-
tion.”'® Most physicians tended to agree with Galen up to the
~20™ century, regarding intense physical activity as risky due
to injury and a general sense that intense physical activity was,
in fact, pathophysiological. Notwithstanding, the concept that
physical activity was useful in preventing disease has persisted
throughout the ages.

Exercise as medicine from the 20" century

The notion of exercise as a “biological science” took major
strides with the dawn of the 20" century. As discussed by both
Hargreaves'' and Berg,'? in the late 1900s, Johannes Lindhard
founded the Laboratory for Theory of Gymnastics at the Univer-
sity of Copenhagen, which led to Scandinavian scientists being
at the forefront of “exercise science research” throughout the
20" and into the 21t century. August Krogh commenced as a
Danish professor at the University of Copenhagen in 1916 and
was awarded the Nobel Prize for Physiology and Medicine in
1920 for the discovery of the mechanism of regulation of the cap-
illaries in skeletal muscle.'® Together with Lindhard, Krogh per-
formed many studies on precisely how gas exchange in the cap-
illaries took place to allow for oxygen to combine with nutrients to
fuel contraction.'*"'® Two years following Krogh’s prize, A.V. Hill
and Otto Meyerhof were awarded the Nobel Prize for Physiology
and Medicine for their discoveries of the energetic components
of muscle contraction. This pioneering work, which resulted in
consecutive Nobel Prizes (the prize was not awarded in 1921),
was important for the notion that exercise could be a strategy
to treat NCDs because it provided the first mechanistic evidence
for the field. The concept of exercise as medicine in the 20" cen-
tury, however, was likely attributed to the work of clinician scien-
tists in North America. As discussed by Hargreaves,'' Elliot
Proctor Joslin, an American clinician, founded the Joslin Dia-
betes Centre in Boston and is considered to be one of the pio-
neers in the treatment of diabetes. Importantly, his approach to
treating diabetes advocated giving his patients responsibility
for their own care, including lifestyle choices.'® As highlighted
by Hargreaves,'" Joslin reported that “the mortality of patients
was 20% lower than for the previous year due to the introduction
of fasting and the emphasis on regular exercise.”'’

Apart from exercise as medicine for diabetes, evidence
emerged in the 1940s and 1950s that exercise therapy was
beneficial not only for preventing CVD but, critically, for recovery
from acute myocardial infarction (AMI). As discussed by
Leighton,18 in 1912, the American clinical cardiologist James
Herrick, who was the first person to observe and describe
sickle-cell anemia, recommended that patients who survived
an AMI be placed at strict bed rest without any weight bearing.
This concept was challenged by the cardiologist Samuel Levine
in the early 1950s, who developed the so-called cardiac chair, '®
advocating for patients to be seated rather than supine in order
to aid recovery. Around the same time, a pivotal epidemiological
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study by Morris et al.?® observed that CVD was lower among bus

conductors than among drivers, implicating physical activity in
disease prevention. Notwithstanding, as first described by Hip-
pocrates and Galen, the concept that intense physical activity
could be beneficial for health remained shrouded in skepticism
until the seminal study published in 1968, entitled the Dallas
Bed Rest and Training Study.?’ As discussed by Mitchell et al.,
who revisited the study after 50 years,”” the Dallas Bed Rest
Study recruited 5 individuals, who spent 3 weeks at complete
bed rest with no weight bearing at all, as advocated by Herrick,
and then underwent 8 weeks of very intensive endurance exer-
cise training. Contrary to the suggestions dating back to the Ga-
len era, all markers of cardiac function improved with exercise
training. Importantly, maximal oxygen uptake (VOomax), @ key
predictor of longevity,”® was reduced by 27% with bed rest but
subsequently increased by 45% after intense training.”’** The
importance of this work cannot be overestimated, as bed rest
was found to be extremely harmful, and intense exercise
extremely beneficial for cardiovascular health. At approximately
the same time in history, Ralph Paffenbarger Jr. commenced the
Harvard Alumni Health Study, published in the 1970s.?* This
long-term research was instrumental in scientifically proving
that regular physical activity increases longevity and reduces
the risk of chronic diseases, particularly CVD. The American
Heart Association (AHA) now recommends at least 150 min per
week of moderate-intensity aerobic activity or 75 min per week
of vigorous aerobic activity, or a combination of both. In addition,
the AHA recommends adding moderate- to high-intensity mus-
cle-strengthening activity, such as resistance exercise, on at
least 2 days per week.

The relationship between exercise and/or fitness levels and
cognitive function began to emerge in the scientific literature in
the 1990s and has received increasing attention in the scientific
literature. The first studies, however, that focused on chronic ex-
ercise and cognitive function emerged in the 1970s and 1980s.
Waneen Spirduso conducted a study in which she measured re-
action and movement time as a function of age and physical ac-
tivity level. Her study concluded that exercise might play an
important role in improving cognitive function, particularly for
older adults.”® Despite these findings, several randomized
interventions conducted in the 1980s assessed the causal link
between exercise and cognitive performance, with most
concluding that exercise provided no benefit to cognitive func-
tion.?®?® These studies, however, were characterized by both
small sample sizes and short intervention durations. Since
then, there have been many studies demonstrating that physical
activity and fitness levels are, indeed, associated with the main-
tenance or improvement of brain biology and function, slowing
progression and potentially preventing brain diseases such as
Alzheimer’s disease (AD).?9°"

As discussed subsequently, there is now strong evidence that
regular physical activity prevents and or improves cancer-spe-
cific survival for between 7°? and 13°° different cancer sites,
including colon, breast, endometrial, bladder, esophageal,
adenocarcinoma, kidney, and liver cancers that are adversely
associated with obesity. Conversely, sedentary or physical inac-
tivity is strongly associated with higher rates of cancer diagno-
ses.®>® It is important to note, however, that the integration of
physical activity into cancer treatment has evolved significantly
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Figure 1. A timeline of significant events throughout history that shaped the theory of exercise as medicine
ACSM, American College of Sports Medicine; AHA, American Heart Association; ACS, American Cancer Society.

over the past few decades. Historically, cancer patients were
largely advised to avoid physical activity, stemming from con-
cerns that exercise might exacerbate fatigue or other symp-
toms.®® Evidence emerged, however, in the 1980s and 1990s
that physical activity not only decreased cancer risk but also
improved quality of life in patients diagnosed with cancer.**-*®
Since then, epidemiological, pre-clinical, and clinical evidence
have provided evidence as to the benefits of exercise in cancer
prevention and care. Guidelines for incorporating exercise into
cancer care have since been developed by both the American
College of Sports Medicine (ACSM) and the American Cancer
Society (ACS). Both organizations now recommend that cancer
patients engage in regular physical activity, including aerobic
and resistance training, to mitigate both the progression of can-
cer and the ability to better cope with cancer therapy.®*°%4° A
timeline of significant historical exercise medicine events is de-
picted in Figure 1.

GENES VERSUS ENVIRONMENT: IS EXERCISE AN
EFFECTIVE THERAPEUTIC INTERVENTION IN NCD FOR
EVERYONE?

Strong evidence from population-based associations and epide-
miological studies suggests that exercise training and/or greater
physical activity are protective against NCD. A beneficial effect
of such activity on the risk of death in controlled intervention
studies among individuals who have been healthy at baseline
has not, however, been demonstrated. In fact, studies have
found no effect of physical activity,”’ or even negative effects
of occupational physical activity> on all-cause mortality.
Notwithstanding, in a very large meta-analysis study investi-
gating the effect of physical activity on all-cause mortality, Loll-
gen et al.*® evaluated 38 studies and found a significant associ-
ation with lower all-cause mortality among active compared with
sedentary individuals. Moreover, these authors observed a
dose-response effect of exercise, especially from sedentary

subjects to those with mild compared with moderate exercise.*®
Whether physical activity can increase quality of life and, indeed,
lifespan remains equivocal, largely because the evidence for this
is derived from observational studies and, as discussed above,
some well-controlled intervention studies have found no effect,*’
or adverse effects,*? of physical activity on all-cause mortality. It
has been suggested that the lack of a clear association between
high physical activity and subsequent morbidity or mortality may
be explained by genetic pleiotropy.** This theory is supported by
the observation that the physiological response to an exercise
intervention varies widely from individual to individual,*>*® lead-
ing to the suggestion that there are “non-responders” to a phys-
ical activity intervention.*” This theory is, indeed, supported by
data from the HERITAGE Family Study, in which some individ-
uals displayed little to no gain in cardiorespiratory fitness
(CRF), as measured by VO,max, despite undergoing 20 weeks
of endurance training.”® In these individuals, any amount of
physical activity is unlikely to be as beneficial in protection
against chronic disease when compared with individuals who
respond more favorably to exercise training.*®

Clues from animal and human twin studies

Perhaps the most powerful way to assess whether genes are
more important than environment in protecting against chronic
diseases and all-cause mortality is to study monozygotic twins.
One of the most important studies in this field was the Minnesota
Study of Twins Reared Apart, conducted by Thomas Bouchard
and colleagues.”® In this study, monozygotic twins or triplets
who were reared apart were compared with those who were
reared together. The study concluded that identical twins who
are reared apart have the same chance of being similar as twins
who were raised together.50 Based on these data, one could
conclude that genetic factors have a greater influence on health
outcomes than the environment. It is oversimplistic, however, to
interpret these data to mean that physical activity does not
improve health outcomes in a vast majority of individuals. In a
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relatively recent study, Karvinen and colleagues performed ex-
periments in both rodents and humans.®' Consistent with previ-
ous studies in both humans®*°® and rodents,***° and indeed the
Minnesota Study of Twins Reared Apart,*° this study concluded
that genetic predisposition plays a significant role in whether ex-
ercise affects all-cause mortality. Despite the power of genetics,
we suggest it would be unwise to take these data and conclude
that physical activity interventions are a less-than-useful way to
prevent the onset and/or progression of chronic disease. In fact,
in the recent study by Karvinen and colleagues discussed
above,®! dizygotic twins were compared. The activity-discor-
dant dizygotic twins showed a significant difference in mortality,
with those who persisted in vigorous activity outliving the seden-
tary twin.®" Taking all the data together, unless one is genetically
predisposed to respond to exercise training unfavorably, exer-
cise training may have positive effects on all-cause mortality.

Clues from blue zones and selected populations with
distinct lifestyles

Apart from studying monozygotic and dizygotic twins, much can
be learned about the influence of physical activity on health and/
or protection from disease by studying groups of individuals that
display extraordinary health or longevity. So-called blue zones
were identified in the early 2000s by Poulain and colleagues,
who studied a group of individuals residing in the region of
Ogliastra on the ltalian island of Sardinia.>® These individuals
had an estimated life expectancy greater than that of others in
Sardinia.*® It should be noted, however, that the term blue zones
was coined by Dan Buettner, who spearheaded a National
Geographic expedition to uncover the secrets of longevity.”’
Since then, other blue zones in Okinawa (Japan), Nicoya (Costa
Rica), and lkaria (Greece) have been identified.”® Determining
the precise factors that mediate health and longevity in those in-
dividuals within these blue zones has been very challenging.
Recently, Candal-Pedreira et al.’® performed a so-called
scoping review in an attempt to establish patterns across estab-
lished blue zones and other areas of the world where residents
have a high life expectancy. They determined several factors
that were related to longevity. They included diet, which ap-
peared to be rich in vegetables and other antioxidant-rich foods,
as well as climate and geography. The blue zones appear to
share similar hilly terrain, a climate conducive to being outdoors,
and geographic isolation.®® The authors suggested that physical
activity was a common factor linked to longevity in these popu-
lations. It should be noted, however, that the physical activity in
blue zones is not rigorous. Those in blue zones do not exercise
per se. As highlighted recently by Buettner,® those in blue zones
“move naturally” by walking to work or to dine as well as per-
forming household tasks such as gardening.

Studying ethnic groups within society can also give clues to
lifestyle factors that may promote health and prevent disease.
In this respect, the Amish, primarily residing in Lancaster County,
Pennsylvania, USA, but scattered within communities across
North America,®® are an interesting group to study. The Amish
way of life rejects modern living and has remained largely un-
changed since its settlement 300 years ago. Generally, the Am-
ish do not own cars and do not participate in government-spon-
sored health care.®’ They also avoid modern conveniences such
as the use of electricity and telephones.®® The Amish population
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displays a higher incidence of certain genetic disorders, owing to
a tendency toward consanguineous relationships, resulting in a
greater concentration of specific gene mutations, leading to a
higher prevalence of rare inherited conditions.®**® Paradoxi-
cally, however, overall cancer rates in the Amish are ~60% of
the age-adjusted national rate®” and the prevalence of diabetes
in the Amish is ~50% of the age-adjusted national rate.®® It has
been suggested that the lower rates of so-called lifestyle dis-
eases in the Amish population are due to increased physical ac-
tivity.®"58:9 The physical activity levels of the Amish residing in
southern Ontario were comprehensively documented by Bassett
etal.”® around two decades ago. They reported that farming was
the principal occupation of the Amish, but rather than use mod-
ern farming machinery, Amish tilled the soil with horses, growing
vegetables in large gardens. Males averaged ~18,500 and fe-
males ~14,000 steps per day. Men reported 10 h per week of
vigorous physical activity, 43 h per week of moderate, and
12 h per week of walking. The corresponding values for females
were 3.5, 39, and 5.7 h per week, respectively.”® A total of 25% of
the men and 27% of the women were overweight (body mass in-
dex [BMI] > 25), and 0% of the men and 9% of the women were
obese (BMI > 30).”° This compares with ~65% being overweight
and ~30% being obese in all North Americans published at
approximately the same time.”" It is difficult to causally relate
health with high physical activity levels and lower rates of obesity
in the Amish because they also have lower rates of cigarette
smoking and a stronger social support network.®’ Notwith-
standing, itis likely that the extremely high physical activity levels
contribute to the better health and longevity in this population.

Clues from infrastructure

History demonstrates that structural changes in a society can
have a dramatic impact on health. Cuba’s economic crisis of
1989-2000, following the collapse of the Soviet Union, clearly
demonstrates this. During the crisis period, the prevalence of
physically active adults increased from 30% to 67% and the
number of people with obesity declined from 14% to 7%. During
1997-2002, there were declines in deaths attributed to diabetes
(51%), coronary heart disease (35%), stroke (20%), and all
causes (18%). The study demonstrates that infrastructural
changes to reduce energy intake and/or increase physical activ-
ity level may decrease disease burden and mortality.”>* Initia-
tives to change passive transport from automobile (such as
car) to non-motorized transport (such as bicycling) have impor-
tant effects on health. In several Nordic studies, cycling as a
means of transport, compared with passive transport, has
been associated with a lower risk of developing clinical risk fac-
tors such as prediabetes and hypertension, as well as diseases
such as T2D and CVD, which lead to premature death.”*"”
Cross-sectional studies have highlighted that road safety has a
significant influence on people’s willingness to cycle and par-
ents’ willingness to let their children cycle; a sense of safety in-
creases the likelihood of choosing cycling as a mode of trans-
port.”® It should be noted, therefore, that improving cycling
infrastructure not only constitutes an important structural mea-
sure to make more people use the bicycle as a means of active
transport, but also increases general road safety, as evidenced
by the fact that increased physical activity reduces the one-
year mortality risk by 12% among the additional bicyclists.”® In
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Figure 2. Lifestyle modification can
influence both lifespan and healthspan

(A) Poor lifestyle habits throughout life can limit
lifespan somewhat but can dramatically reduce
healthspan and increase chronic disease burden.
(B) In contrast, good lifestyle habits throughout
life can increase lifespan somewhat, but can
dramatically reduce chronic disease burden.

Healthspan

Chronic
Disease
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(C) It is possible that good lifestyle habits later in
life could dramatically reduce chronic disease
burden in older adulthood.

7.5 to 20 years.?* Lifespan is the total

Reversible
Disease

number of years we live from birth to
death, whereas healthspan is how
many of those years we remain healthy
and free from chronic disease. Figures
2A and 2B illustrate two examples of
lifespan/healthspan. In Figure 2A, a

conclusion, large health benefits are estimated by transferring
commuting by car to a bicycle.

It is also clear that, in addition to cycling, walking has health
benefits. Access to public and green spaces can create oppor-
tunities for physical activity, particularly walking.?® A large inter-
national cross-sectional study found that residents of 12 cities in
8 countries were more physically active if there were more public
green spaces within 1 km of their homes.®' When adjusted for
socio-economic factors, this study demonstrated that individ-
uals who had more public green spaces within 1 km were on
average 24 min more physically active per week than individuals
who had the fewest public green spaces within 1 km.?" Several
other cross-sectional studies comparing physical activity be-
tween groups living in areas with varying access to green spaces
and facilities such as parks and playgrounds also suggest that
adults are generally more active when they live near parks or
green spaces, although the results may vary.®> These cross-
sectional studies cannot, however, determine whether physically
active people choose to live near green spaces or whether it is
the access to green spaces that promotes physical activity.
Since the advent of pedometers and smartwatches, evidence
has suggested that daily steps are associated with health-
related outcomes. Notwithstanding, evidence linking daily steps
to all-cause mortality has been limited. Recently, however, an
important study synthesized the dose-response relationship be-
tween daily steps and health outcomes, including all-cause mor-
tality, CVD, cancer, T2D, cognition, physical function, and falls.®*
This large-scale study demonstrated that, contrary to 10,000
steps per day being the “magic” target, 7,000 steps per day
was associated with clinically meaningful improvements in
health outcomes.

USING EXERCISE TO IMPROVE LIFESPAN AND
HEALTHSPAN

Globally, NCDs are a leading cause of morbidity and mortality,
and the estimated years of life lost because of NCD ranges from

sedentary lifestyle and poor diet over
the period spanning childhood to adult-
hood somewhat limit lifespan but
dramatically limit healthspan and increase the diagnosis of
NCDs, compared with Figure 2B, in which an active lifestyle
and healthy diet have been maintained throughout lifespan. It
is important to note that healthspan is not a definite unit. De-
pending on the diagnosis, there may be a period in life with
an open window of opportunity to reverse years spent
with long-lasting disease and return to healthspan years
(Figure 2C). The reversible disease period could, for example,
imply a diagnosis of T2D that could progress to CVD or demen-
tia, but which potentially could also be reversed by lifestyle
modifications, including exercise.

To provide empirical evidence to support Figure 2, and as
briefly discussed above, Nguyen and colleagues have demon-
strated that adopting 8 healthy lifestyle habits by middle age
can improve lifespan.?* This study involved more than
700,000 US veterans. The 8 habits are being physically active,
having a good diet, not smoking, not regularly binge drinking,
being free from opioid addiction, managing stress, practicing
good sleep hygiene, and having positive social relationships.
Men who comply with all 8 habits at age 40 live an average of
24 years longer than those who follow none of them. For
women, incorporating all 8 healthy lifestyle factors in middle
age was associated with a predicted 21 additional years of
life compared with women who had none of these habits. These
results, however, were expected since the study compared a
healthy lifestyle with the 8 most unhealthy traits. Among the
8 lifestyle habits, adopting a physically active lifestyle of >7.5
MET-h/week had the biggest impact. The latter is equivalent
to meeting the WHO guidelines of at least 150 min per week
of moderate-intensity activity (such as brisk walking) or
75 min of vigorous-intensity activity (such as jogging). Other
recent studies also support the notion that regular exercise
and/or improved CRF enhance the likelihood of a long lifespan
and a long healthspan.®>: |t should also be noted that a recent
study in rodents showed that exercise early in life can extend
healthspan but not lifespan,®” underpinning the importance of
exercise in early life on general health.
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Figure 3. Exercise as medicine for chronic lifestyle diseases
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Evidence and mechanisms for prescribing exercise as medicine for non-communicable diseases. The decreased (red) and increased (green) molecular mechanisms
mediating the effects of exercise are shown for hypertension, cardiovascular disease, type 2 diabetes, cancer, neurological, and pulmonary diseases.

EXERCISE AS MEDICINE
According to Booth et al.,?® physical activities act as primary pre-
vention against 35 chronic diseases and conditions. Moreover,
there is strong evidence that exercise should be prescribed as
medicine for several NCDs.®° Here, we provide an updated sta-
tus for the evidence-based basis for prescribing exercise as
medicine for some of the most common long-lasting diseases
in humans (summarized in Figure 3).

Hypertension and coronary heart disease
A meta-analysis of randomized controlled trials lasting
>4 weeks, which included 93 trials comprising a total of 5,223
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participants, investigated the effects of exercise on blood pres-
sure in healthy people.’® The analysis concluded that both sys-
tolic and diastolic blood pressure were reduced after exercise,
irrespective of whether it was endurance, dynamic resistance,
or isometric resistance training. Another meta-analysis,
including 34 trials with 1,787 adults with hypertension, showed
that aerobic exercise can lead to a large and clinically important
reduction in blood pressure in a dose-dependent manner, with
the greatest reduction at 150 min/week.®' Furthermore, an anal-
ysis of over 15,827 normotensive or hypertensive people in 270
randomized control trials (RCTs) from 1990 to 2023 found that
almost all forms of exercise training led to lower blood pressure,
but interestingly, the most effective form of exercise was
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isometric exercise training® (Figure 3). In general, exercise ap-
pears to have the greatest effect for those who need it most. A
Cochrane review of 63 trials of RCTs included 14,486 people
with CVD. It concluded that, compared with no exercise control,
exercise-based cardiac rehabilitation reduces the risk of cardio-
vascular mortality but not total mortali’(y.93 In addition, a meta-
analysis included 85 RCTs involving 23,430 participants with
coronary heart disease and a median follow-up of 12 months.®*
Overall, exercise-based cardiac rehabilitation was associated
with significant risk reductions in cardiovascular mortality, recur-
rent cardiac events, hospitalizations, and myocardial infarc-
tion.* The latter study provided additional evidence supporting
the improvement in health-related quality of life (HRQoL) and the
cost-effectiveness of exercise-based rehabilitation.

T2D

According to the ACSM, physical exercise has been considered
one of the three cornerstones in the treatment of T2D, along
with diet and medication, since the turn of the millennium.®*°
Meta-analyses and systematic reviews clearly demonstrate
that aerobic exercise training in adults with T2D improves gly-
cemia with 0.5%-0.7% reductions in hemoglobin A1C
(HbA1C).9”'°" Exercise training also improves insulin sensi-
tivity and fitness levels, while decreasing hyperlipidemia and
blood pressure, even in the absence of weight loss'%%'%®
(Figure 3). Both supervised aerobic or strength training, and
aerobic/strength combined training have positive effects on
HbA1c. In contrast, non-supervised training has no effect.”® It
should also be noted that high-intensity physical training re-
duces HbA1c'%* and has a more profound effect on glucose-
stimulated beta-cell function'® compared with exercise at
moderate intensities. One of our laboratories examined the ef-
fect of an intensive lifestyle intervention in a randomized study
involving 98 adult participants with T2D, who had been diag-
nosed less than 10 years before. Participants were randomly
assigned to the lifestyle group (n = 64) or the standard care
group (n = 34). All participants received standard care with indi-
vidual counseling and standardized, blinded, target-driven
medical therapy. The intervention group performed 5-6 weekly
aerobic training sessions, 2-3 of which were combined with
resistance training for 12 months. After 12 months, 56% of
the patients in the lifestyle group were without glucose-
lowering medication.’°® This suggests that T2D may represent
a reversible disease and supports the role of exercise as
medicine.

Cancer

Epidemiological studies demonstrate that a physically active
lifestyle is associated with lower risks of cancer.>*>'°” More-
over, observational studies show that people who are physi-
cally active after being diagnosed with breast,'%®'%° colo-
rectal,"'®""" and prostate cancer''® have a higher chance of
survival compared with those who are physically inactive. Ac-
cording to these studies, physically active people, at least to
the extent proposed by WHO, almost double their chance of
survival. Regarding the effect of exercise on cancer survival,
definitive evidence has, until recently, been lacking, and it has
not been possible to exclude reverse causation. A recent land-
mark study''® was, however, performed from 2009 through
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2024, in which a total of 889 patients with resected colon can-
cer and completed adjuvant chemotherapy underwent
randomization to a 3-year structured exercise program or con-
trol. At a median follow-up of 7.9 years, disease-free survival
was significantly longer in the exercise group, consistent with
longer overall survival. The relative mortality risk was 37%
lower in the exercise group. The mechanisms associated with
the protective effects of exercise in cancer have recently
been discussed by Nash et al."'* and include decreasing
adiposity and inflammation, and increasing immune cell func-
tion, immune cell trafficking, and circulating exercise-derived
factors released from contracting skeletal muscle or contained
within extracellular vesicles (EVs; Figure 3).

Neurological and mental diseases

Physical activity decreases the risk of dementia, and exer-
cise may reduce neuropsychiatric symptoms in patients with
mild AD.""” In fact, a systematic review concluded that exercise
remains one of the most effective treatments for AD, reducing
the risk by up to 45%.""® An RCT including 200 patients with
mild AD showed that supervised moderate-to-high-intensity ex-
ercise reduced neuropsychiatric symptoms, with possible addi-
tional benefits of preserved cognition in a subgroup of patients
exercising with high attendance and intensity."'” In general, ex-
ercise diminishes the rate of cognitive decline not only in patients
with neurodegenerative disorders but also in healthy persons of
all ages.""® The mechanisms associated with beneficial effects
of exercise on cognitive function include increased adult hippo-
campal neurogenesis, increased neurotrophins such as brain-
derived neurotrophic factor, increased p-amyloid clearance,
and decreased neuro-inflammation''® (Figure 3). Moreover,
physical activity is highly beneficial for improving symptoms of
depression, anxiety, and distress across a wide range of adult
populations.’?° In addition, exercise improves balance, walking
ability, walking endurance, fatigue, and quality of life in patients
with multiple sclerosis.'?’

115,116

Lung diseases

Several meta-analyses and reviews conclude that exercise-
based rehabilitation has significant positive effects in patients
with chronic obstructive pulmonary disease (COPD). A meta-
analysis including 65 RCTs involving 3,822 participants con-
cludes that exercise training relieves dyspnea and fatigue, im-
proves emotional function, and enhances the sense of control
that individuals have over their condition.'®® These authors
concluded that additional RCTs comparing pulmonary rehabil-
itation and conventional care in COPD are no longer warranted.
Since then, most studies have focused on identifying the
optimal mode of exercise training without making definite con-
clusions. High-intensity interval training is promising and has
been proven safe and efficient.'>®> In addition, endurance
training may be superior to resistance training in terms of exer-
cise capacity.'?* The mechanisms associated with the benefi-
cial effects of exercise on lung disease include improved car-
diovascular fitness leading to enhanced pulmonary muscle
function, increased immune cell function, a reduced inflamma-
tory response, and an enhancement of the interaction between
the vagus and sympathetic nerves to improve gas exchange'*®
(Figure 3).
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MECHANISMS BY WHICH EXERCISE CAN PREVENT
DISEASE

Weight control

Weight loss

If successful weight loss is determined by a decreased number
on a weight scale, then in isolation, exercise alone has been
proven to, at best, have only a marginal effect.’?%'?” A study
comparing the response to a 1-year dietary intervention with
a diet + exercise intervention in obese women (BMI > 30),
with the aim of losing 10% of their body weight, showed that
whereas diet decreased body weight by 8.5%, exercise per-
formed 5 days/week (225 min) only decreased body weight
by 2.4%.'%® The effects were additive, as the combination of
both exercise and diet led to a weight loss of 10.8%.'?® The
modest effect of exercise on body weight reduction in this
study was somewhat surprising. Individual exercise sessions
are typically designed to expend 500-800 kcal per session, 3
times per week, corresponding to 1,500 to 2,000 kcal per
week, which, in theory, should result in a monthly weight loss
of around 1 kg. However, even 5 exercise sessions per week
(400 kcal/session) for 1 year resulted in only a 3.9 kg loss of
body fat.'?? It is likely that a compensatory increase in energy
intake accompanies such an exercise training regime, neutral-
izing increased energy expenditure. The aim of reducing body
weight requires a multifactorial approach that combines behav-
ioral counseling, dietary restriction, and physical activity.'*°
With the advent of incretin therapies and their success in
inducing weight loss,"®" it has been suggested that exercise
interventions for weight loss may not be required.'*? It should
be noted, however, that pharmacotherapy combined with
exercise training and diet is superior to pharmacotherapy
alone.'®*"** The small but significant effect of physical activ-
ity/exercise training on body weight alone has been confirmed
in a meta-analysis.'*° Very strong evidence is provided for the
fact that exercise/physical activity has a small but consistent
effect on further reducing body weight when combined with
diet. This small effect on overall fat mass appears to “hide” a
change in ectopic fat accumulation and body composition.
When body mass is lost solely through exercise, fat mass
loss predominates; however, dietary restriction, especially
with a very low-calorie diet, also results in a loss of lean
mass."'®> An RCT performed in one of our laboratories found
that incorporating exercise 3 or 6 times per week, alongside
caloric restriction, led to a greater reduction in fat mass
compared with caloric restriction alone, and this effect ap-
peared to be dose dependent. Adding exercise 6 times per
week totally abolished the loss in free fatty mass during caloric
restriction.'*°

Maintenance of weight loss

Weight-loss strategies such as low-calorie diets may be efficient
in the short term, but not in the long term. Many people may have
an initial large weight loss, but weight regain typically occurs
rapidly.'*5"3" |t appears this may be due to persistent appetite.
In a landmark study, Proietto and colleagues'*® demonstrated
that a 10-week weight-loss program for which a very-low-energy
diet was prescribed led to a weight loss of 13.5 + 0.5 kg, as well
as reductions in most appetite-regulating hormones, including
leptin, peptide YY (PYY), cholecystokinin, insulin, and amylin,
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and to increases in levels of ghrelin, gastric inhibitory polypep-
tide and pancreatic polypeptide. This was accompanied by
increased subjective appetite. 1 year after initial weight reduc-
tion, appetite-regulating hormone levels had not reverted to
baseline levels before weight loss.'® An increase in appetite
inhibitory mechanisms and a partial decrease in appetite-stimu-
lating factors appear to support long-term weight loss mainte-
nance.'®® It has become evident that physical activity/exercise
directly affects hormone secretion from the gastrointestinal (Gl)
tract. Of note, an acute bout of exercise decreases acetylated
ghrelin and increases both PYY and glucagon-like peptide 1
(GLP1),"“° which may suggest that physical activity, via effects
on Gl hormones, may affect short- and long-term energy bal-
ance. Interestingly, meal-induced suppression of ghrelin and in-
creases in PYY and GLP1 at baseline were associated with
greater weight loss during a 12-week supervised training pro-
gram.'*' Evidence suggests that exercise has an impact on
appetite regulation and food preference, with an increased pref-
erence for healthy food, and that exercise induces better match-
ing of intake to expenditure.’?®

Observational studies strongly indicate that exercise/physical
activity has a positive effect on maintenance of weight loss after
a dietary intervention period.?®'“? The National Weight Control
Registry (NWCR) (http://www.nwcr.ws/default.htm) is tracking
over 10,000 individuals who have lost significant amounts of
weight and subsequently remained weight stable for at least 1
year. 98% of the participants had modified their diet to lose
weight. 94% had increased their daily physical activity, typically
by increased walking.'*® An intervention study'®* supports the
notion that exercise should be included in weight-loss mainte-
nance. After an 8-week low-calorie diet with a mean decrease
in body weight of 13 kg, 195 obese participants were randomly
assigned for 1 year to one of four strategies: an exercise pro-
gram, treatment with liraglutide, exercise program plus liraglu-
tide therapy, or control. At 1 year, the active-treatment strategies
resulted in a greater weight loss than placebo. The combination
strategy decreased body fat percentage by 3.9 percentage
points, which was approximately twice the decrease in the exer-
cise and liraglutide groups.'®*

In summary, lower adiposity has been linked to several dis-
eases, including CVD, T2D, and certain cancers, so any effects
of exercise training on weight loss would be advantageous.
Importantly, however, despite the small effect of physical activ-
ity/exercise alone on total weight loss, the overall health benefits
of exercise go far beyond that of body mass reduction. Regular
physical activity is an important lifestyle intervention in weight-
loss maintenance. However, this is not solely due to the effect
of exercise on expenditure; exercise may have an impact on
appetite regulation, food choice, and behavior in a broad sense.

Metabolism and hormones

As discussed above, exercise can be beneficial in both reducing
weight and, more importantly, maintaining weight after initial
weight loss. Itis difficult, therefore, to disentangle the health ben-
efits of exercise from the health benefits of weight loss in obesity.
Notwithstanding, as briefly alluded to above, there are many in-
stances in which exercise can be beneficial for health in the
absence of weight loss. A systematic review that examined sub-
jects with a minimum 1-year follow-up concluded that exercise
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training in the absence of diet modification and/or medication
has a minimal effect on weight loss.'** Notwithstanding, there
is ample evidence that regular physical activity can have health
benefits in the absence of weight loss."*° For example, physical
activity canincrease telomere length in obese individuals regard-
less of weight loss,'“® which has important implications for meta-
bolic health and longevity, because of the association of telo-
mere length with these parameters.’®’ Other studies have
demonstrated that regular physical activity can increase mito-
chondrial respiration,’*® insulin sensitivity, and fat oxidation'*°
and improve liver steatosis'® independent of weight loss. The
apparent disconnect between obesity, physical activity, and
adiposity is highlighted by examining Japanese Sumo wrestlers
who require heaviness and excess adiposity to gain a competi-
tive advantage in their sport. These athletes follow a high-caloric
diet from childhood, which puts them at risk for developing life-
style-related diseases,'®" yet there have been reports that obese
Sumo wrestlers have lower fasting glucose compared with simi-
larly obese non-exercisers.'*” It should be noted, however, that
improvements in metabolic health, or more specifically, mainte-
nance of metabolic health, can be achieved with daily regular
physical activity, rather than exercise training per se. In an impor-
tant study conducted by one of our laboratories, '*® the role of
“daily stepping within a free-living environment” on metabolic
health was assessed. Young, healthy males wore pedometers,
and daily steps were recorded, ranging from ~5,000 to
~12,000 steps per day. At this pre-intervention time, the sub-
jects underwent a range of interventions to assess metabolic
health. They were then encouraged to reduce daily steps as
much as possible over a 2-week period. Daily step count was
reduced to between ~1,000 and 1,400 steps per day. The sub-
jects underwent a similar range of interventions during this
period of reduced steps. Although total fat mass and BMI re-
mained unchanged by reduced stepping, they accumulated a
significant amount of visceral fat. Moreover, glucose and lipid
tolerance were adversely affected.’** Together, there is compel-
ling evidence that exercise can prevent disease, particularly
metabolic disease, in the absence of weight loss or lipid accu-
mulation.

What, therefore, could mediate these beneficial effects on
metabolism? There is solid evidence that modification of the hor-
monal milieu can, at least in part, mediate some of these effects.
Since physical activity, particularly if it is rigorous, is a key
stressor for the organism, it markedly activates the neuroendo-
crine system.'®* Accordingly, the endocrine response to exer-
cise can generally improve multisystem organ function.'* The
magnitude of the neuroendocrine stress response to exercise
appears directly proportional to the volume of exercise expo-
sure. One of the most powerful endocrine regulators of meta-
bolic health is the endocrine pancreas. The hormones glucagon
and insulin, both secreted by the pancreas, act antagonistically
to each other to maintain blood glucose levels. Pioneering
work by the late David H. Wasserman examined the role of the
pancreatic hormones on metabolism during exercise.'® Was-
serman and colleagues demonstrated that during exercise, insu-
lin levels fell, likely due to increased sympathetic activity on beta
cells.”® As glucagon levels subsequently increased, these re-
searchers supplemented glucagon via intraportal infusion in
dogs. They demonstrated that the exercise-induced fall in insulin
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during acute exercise results in increased free fatty acid appear-
ance in the blood, supplying fat as a substrate to the muscle to
fuel contraction as carbohydrate availability progressively dimin-
ishes."®® Apart from the effects of acute exercise on the control
of pancreatic hormones, regular physical activity and/or chronic
exercise training has a major beneficial effect on pancreatic hor-
monal balance.'®” Even in the absence of changes in adiposity or
body weight, physical activity improves insulin sensitivity.'>®%°
The mechanisms of enhanced insulin sensitivity with exercise
training have been extensively studied and are the subject of pre-
vious reviews.'®%'®" Briefly, it is known that during excitation-
contraction coupling, transient calcium release from the
sarcoplasmic reticulum can lead to increased mitochondrial
biogenesis either via activation of calcium/calmodulin-depen-
dent kinases'®%"'% or via ryanodine receptor leak.'®* Increased
mitochondrial biogenesis is associated with insulin sensitivity, '
possibly due to an enhanced capacity for fat oxidation with
increased mitochondrial capacity.'®® Alternatively, activation of
AMP-activated protein kinase (AMPK) during exercise can in-
crease the glucose transporter 4 (GLUT4) protein abundance
and GLUT4 membrane translocation in skeletal muscle.'®”'%®
The enhanced GLUT4 trafficking to the plasma membrane that
accompanies chronic physical activity leads to a reduced
requirement for insulin to enhance glucose uptake after a
meal."®%"®" It is well known that hyperinsulinemia is highly corre-
lated to cardiometabolic disease by driving obesity, dyslipide-
mia, glucose intolerance, hypertension, and atheroscle-
rosis.'®?"'"> Somewhat less appreciated in the association of
insulin resistance with cancer risk. Hyperinsulinemia is now
thought to be a major factor linking obesity, T2D, and cancer.'”®
Several studies, many from the Cantley laboratory, have demon-
strated that chronic insulin activation of its downstream proteins,
phosphoinositide 3-kinase (PI3K) and mTOR, can drive malig-
nant transformation.'”* Consequently, PI3K inhibitors have ther-
apeutic utility for treating cancer.'”®

There are, of course, several other hormones that are exer-
cise-responsive that may mediate some of the protective effects
of exercise against disease. Human growth hormone (hGH), the
primary hormone influencing cellular growth and reproduction, is
stimulated during exercise.'”® Specifically, hGH has a major role
in regulating the growth of muscle, bone, and collagen, as well as
influencing metabolic processes such as increased fat meta-
bolism."”” Apart from sleep, exercise is one of the major physio-
logical interventions that increase hGH secretion.'”” There are
several proposed mechanisms as to how exercise promotes
hGH secretion, including neuronal stimuli, nitric oxide release,
catecholamines, and lactate.’”” hGH secretion decreases with
aging,'”® and therefore the role of exercise in maintaining hGH
secretion in aging is thought to influence the protective effect
of exercise in age-related diseases such as frailty.'” It should
be noted, however, that hGH can drive neoplasia,'® and the
decline in hGH secretion with aging is thought to be a natural
protective effect.'”® Cortisol, a steroid hormone produced by
the adrenal glands, regulates blood glucose, water, and sodium
balance, and blood pressure.'®' During exercise, particularly
prolonged endurance exercise, cortisol is released, leading to
catabolism of carbohydrates and lipids and increasing gluco-
neogenesis to maintain glycemia.'®*'® Both female and male
sex hormones also appear to be influenced by exercise and
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may play a role in its health benefits. Menopause in females is
largely driven by a decline in estrogen, and exercise can be
effective in preventing the symptoms and severity of meno-
pause.'®" In a series of studies, Hevener and colleagues, using
estrogen receptor o (Era)-deficient mouse models, have demon-
strated that estrogen is required for the beneficial effects of ex-
ercise.'®7'%8 This work has been extended to important
research performed in humans by Hellsten and colleagues.'®°
It is also clear that, as males age, serum testosterone levels
decline concomitantly with age-related sarcopenia and reduced
strength.'%'°" Conversely, exercise training can modestly pre-
vent the age-related decline in free testosterone'®” and given
that exercise training is well-tolerated, safe, and effective in frail
older adults, '°® the importance of maintaining a physically active
lifestyle as we age is heightened.

Anti-inflammatory effects

Inflammation is a healthy physiological response of the body to
harmful stimuli, either infectious, physical, or chemical. In
contrast, the inflammatory state that accompanies many chronic
or long-lasting diseases is not accompanied by infection, a sign
of autoimmunity, or massive tissue injury. The dimension of the in-
flammatory activation is not large, and, therefore, it is often desig-
nated “low-grade” chronic inflammation. Evidence suggests that
physical inactivity leads to accumulation of visceral fat and,
consequently, to the activation of a network of inflammatory path-
ways.'®* In contrast, anti-inflammatory effects are facilitated via
exercise training-induced reduction in abdominal fat.'® Physical
inactivity provokes an increase in visceral fat mass in both ro-
dents'®® and humans.'®*"'9" A large visceral fat depot is a source
of low-grade chronic systemic inflammation that predisposes to
elevated blood lipids, atherosclerosis, insulin resistance, muscle
wasting, neurodegeneration, and anemia, conditions that may
promote a decrease in physical activity. Thus, a lack of exercise
leads to accumulation of more visceral fat and further enhances
inflammation and, hence, constitutes a network of related dis-
eases such as T2D, CVD, and dementia, which we have termed
“the diseasome of physical inactivity,”'?® constituting a vicious
cycle of chronic inflammation on lifestyle diseases. ' In contrast,
exercise training will lead to a decrease in visceral and other
ectopic fat depots such as liver steatosis and cardiac fat
mass”’°“% and hence a decrease in circulating inflammatory
molecules via a mechanism that involves exercise-induced in-
crease in interleukin (IL)-6.>°° In an important study conducted
jointly by our laboratories, we tested whether exercise could be
protective against pathogen-induced systemic inflammation and
whether IL-6 was involved in this process. Human subjects either
rested (CON) or rode a bicycle for 3 h after being administered an
intravenous bolus of low-dose Escherichia coli lipopolysaccharide
endotoxin to induce low-grade inflammation. When subjects res-
ted, plasma tumor necrosis factor-alpha (TNF-o) increased in
response to endotoxin, but during the exercise bout, this increase
was totally attenuated. As expected, plasma IL-6 rose markedly
during the exercise bout, and to test whether this mediated the
anti-inflammatory effect, we conducted a third trial in which sub-
jects rested but received an intravenous infusion of recombinant
human IL-6 to mimic the levels observed during the exercise trial.
We showed that this procedure also attenuated plasma TNF-«.”%
This study was important because it provided the first experi-
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mental evidence that physical activity mediates anti-inflammatory
activity and suggested that the mechanism included elevated
plasma IL-6, which, as discussed in detail subsequently, is pro-
duced by and released from exercising muscles. We have subse-
quently shown that exercise-induced IL-6 leads to increased
levels of the anti-inflammatory cytokines IL-1 receptor antagonist
(IL-1ra) and IL-10.2“° It should be noted, however, that acute exer-
cise can trigger an acute inflammatory response.?>2°° This
response appears necessary for the adaptive response of skeletal
muscle to acute exercise and appears stochastic. Most evidence
suggests that exercise training can reduce low-grade inflamma-
tion associated with disease.?®”

Muscle secretory factors

The inter-organ crosstalk concept includes a focus on the role of
humoral factors, which are secreted and/or released from various
organs and facilitate communication between organs and tis-
sues.”®® Our finding in the early 2000s that skeletal muscle cells
produced”’®?'% and subsequently released IL-6 into the circula-
tion®"" as well as research during the subsequent years previously
reviewed,”'*?'® demonstrating that muscle-derived IL-6 has mul-
tiple metabolic effects in other parts of the body, identified IL-6 as
an exercise factor and skeletal muscle as a secretory organ with
endocrine functions. Two important studies by our group clearly
demonstrated that the increase in muscle secretory IL-6 was not
aresult of stress or inflammation but was rather a metabolic/endo-
crine signal. First, we showed that the release of IL-6 during exer-
cise was markedly exacerbated when pre-exercise muscle
glycogen content was compromised,”'* suggesting that muscle
secretion of IL-6 was tied to nutrient availability. Using isotopic
tracer techniques, we subsequently demonstrated that muscle-
secreted IL-6 during exercise acted as an endocrine factor to
increase hepatic glucose production,'®® providing blood-borne
substrate to fuel contracting muscle, giving rise to the notion that
muscle-secreted IL-6 works as an energy allocator.?’ Given the
multiple physiological, metabolic, and immunological effects of ex-
ercise, it was obvious that more than one exercise factor was likely
to be found. In 2003, we introduced the term “myokines”?'® and
suggested that cytokines and other peptides that are produced,
expressed, and released by muscle fibers and exert either auto-
crine, paracrine, or endocrine effects should be classified as myo-
kines.?'#?'® Since our coining of the term myokine, several reviews
have covered this field of research,'9%?'2217-222 jdentifying more
than 650 myokines.?*® Other myokines mediate muscle-organ
crosstalk to the brain, adipose tissue, bone, liver, gut, pancreas,
vascular bed, and skin.?* In addition, myokines with anticancer ef-
fects have been recognized.??*

Organ-to-organ communication: EVs

The identification of the myokinome has provided a conceptual
basis for understanding how muscles communicate with other
organs. As discussed above, physical exercise stimulates
release of a broad spectrum of factors into the systemic circula-
tion from multiple organs, including not only skeletal muscle but
also the liver, heart, and adipose tissue.?°®??" The total sum of all
exercise-induced factors (such as peptides and nucleic acids)
released from muscle and other organs into the blood was
coined by Mark Tarnopolsky as “exerkines.”*® While many of
these factors can be secreted by the conventional or classical
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Figure 4. Mechanisms by which regular physical activity can prevent disease and or slow disease progression

Regular exercise is known to mediate health benefits by controlling weight gain, preventing or reducing chronic inflammation, decreasing accumulation of ectopic
fat (e.g., visceral fat, liver steatosis, and cardiac fat) mass, enhancing endocrine function, maintaining or increasing mitochondrial function, increasing muscle
secretory factors (myokines) that can enhance function of other organs and increasing the release of extracellular vesicles that can participate in tissue crosstalk.

secretory pathway, it is now also clear that many may be con-
tained within EVs.??” Initially thought to contain cellular debris,
EVs are now considered important in exchanging cargo from
one organ to another.?”” Recent evidence suggests that exer-
cise-derived EVs represent a means for conferring the protective
effects of exercise to tissues via the circulation.??®??° Recent
work by Xiong et al.'?® and Lin et al.?** has demonstrated that
EVs may, in part, mediate the protective effects of exercise
against cognitive decline. In addition, in two recent studies, ex-
ercise-induced EVs were shown to play a role in slowing tumor
progression in mouse models of breast cancer®®" and Iung cell
carcinoma.?®? It should be noted, however, that the exercise
EV field is relatively new, and much work has been conducted
in pre-clinical models. Further research in humans is required
to fully appreciate the role that EVs play in the protective effects
of exercise. The mechanisms by which exercise protects against
disease are summarized in Figure 4.

CONCLUSIONS

It has become increasingly clear that regular physical activity can
protect against either the incidence or progression of several
NCDs. In this review, we provide solid evidence for this and
mechanistic insights into the relationship between physical ac-
tivity and disease prevention. Even though a vast majority of

the population is aware of the health benefits of regular physical
activity and the dangers of a sedentary lifestyle, only about one-
quarter of adults meet the recommended physical activity guide-
lines.?** We provide evidence that physical activity can decrease
the risk of several diseases, even if it is not rigorous exercise
training. We, therefore, propose that the focus should be on
making physical activity enjoyable, convenient, and social.
This, together with careful urban planning, may increase the gen-
eral population‘s adherence to regular physical activity. We
further highlight an increasing number of high-quality interven-
tion studies showing that structured exercise should be viewed
as medicine. For example, exercise is an efficient treatment for
patients with T2D and can decrease mortality for patients with
colon cancer. Such data emphasize the importance of incorpo-
rating structured supervised exercise training into the healthcare
systems for selected patient groups. We have documented that
access to physical activity and structured exercise is a way to ar-
rest the increases seen in the prevalence and progression of
NCD and thereby a strategy to improve health span, for the
benefit of the individual as well as society.
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