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In the last 100 years, populations in developed countries have experienced an unprecedent-
ed addition of 30 years to life expectancy. Developing countries are now experiencing this
same phenomenon, but over a shorter time frame. With this success comes the challenge
of maximizing health and vitality across these added years. The compression of morbidity to
the latest point in the human life span could unleash a sustained third demographic dividend
that benefits all of society. To accomplish this, society needs to invest in the prevention and
treatment of frailty, as well as in the prevention of chronic diseases at every age and stage of
life. A model intervention, physical activity, may offer a road map.

COMPLETING THE TRANSITION TO A
WORLD OF LONGER LIVES: OPTIMIZING
HEALTH ACROSS OUR LONGER LIFE
COURSE

In the last 100 years, developed countries have
experienced the unprecedented addition of

30—and more—years to life expectancy. Many
developing countries are now experiencing this
same extension in life expectancy, but generally
over a much more compressed time frame of
approximately 40 years. In all of these societies,
this unprecedented addition of years of life has
been because of public health interventions that
have targeted infectious diseases and decreased
early childhood and maternal mortality. Having
now added, essentially, a new stage of life, the
critical challenge is to understand how to max-
imize health and vitality across these longer
years. Accomplishing this is essential to unleash-
ing the opportunities and benefits of our longer

lives—for older adults themselves and for all
ages (Fried 2015). This goal has been expressed
as the need to “compress morbidity” to the latest
point in the human life span so that people live
free of the diseases and conditions of old age for
much of that old age (Fries 2001). If accom-
plished, a compression of morbidity could un-
leash a sustained third demographic dividend
for all of society. However, to accomplish this
requires society investing in creating what we
could term a new life stage in which a healthy
older population is able to make significant con-
tributions to societal well-being and productiv-
ity (Fried in press a).

Accomplishing this compression of morbid-
ity requires two significant components. First is
investing in the prevention of the development
of chronic diseases at every age and stage of life,
which is described as a life course approach to
prevention (Fried in press a). There is evidence
that people who arrive at age 70 in good health
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are at high likelihood of remaining healthy into
their later years (Fried in press a). On the other
hand, those with cumulative exposures to ad-
verse risk factors across childhood and adult-
hood manifest single and then multiple diseases
as they get older, and are likely to become dis-
abled secondary to these diseases as early as their
50s and 60s (Wolinsky et al. 1983; Levine and
Crimmins 2014; Geronimus et al. 2015; Fried
and Ferrucci, in press).

The second approach focuses on optimizing
health and preventing or slowing the onset of
frailty, dementia, multimorbidity, and disability
in older age itself. The remainder of this article
considers the issue of frailty and the opportu-
nities for delaying, preventing, or treating frail-
ty, considering insights offered from a model
intervention: physical activity.

AGING AND DISEASE

Population-based research is now offering evi-
dence, across multiple studies, that the process
of aging can be distinguished from the processes
and consequences of diseases. The first stage of
such research, over the last 50 years, showed that
diseases of specific organ systems, such as ath-
erosclerotic disease of the heart, brain, and
peripheral vasculature, could be understood

mechanistically as processes distinct from aging
itself. These observations led to substantial re-
search that showed that many chronic diseases
are, in fact, preventable into the oldest ages. The
implications, of course, are that these diseases
were not inevitable with aging or, at least, not
tied to a chronological age. Other innovative
observations have suggested that a focus on in-
vestigating individual end-organ diseases miss-
es a major conclusion of mechanistic research:
that there are shared risk factors and etiologic
pathways for multiple chronic diseases. At the
behavioral level, these risk factors include phys-
ical activity, smoking, and diet, and, at the in-
trinsic level, there are mechanisms in common
for multiple chronic diseases, such as inflam-
mation (Tinetti and Fried 2004; Fried and Fer-
rucci, in press).

Parallel research has been increasingly seek-
ing to characterize, in humans, the independent
contributions of aging itself to health outcomes
independent of superimposed chronic diseases.
Interestingly, in multivariate analyses in a pop-
ulation-based cohort study, the Cardiovascular
Health Study, specific chronic diseases are the
independent predictors of 5-year mortality into
the oldest ages; however, after 85 years, age be-
comes an additional independent predictor
(Fig. 1). This suggests the influence of biologic
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Figure 1. Age emerges as an independent predictor of mortality, independent of chronic diseases, beginning at
age 85 years, based on analyses in community-dwelling men and women 65 years and older in four U.S.
communities participating in the Cardiovascular Health Study. (From Fried et al. 1998; reprinted, with per-
mission.)

L.P. Fried

2 Cite this article as Cold Spring Harb Perspect Med 2016;6:a025916

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



aging as a force for mortality, emerging inde-
pendently of disease in the oldest old. Addition-
ally, new research suggests that biologic aging
can be characterized using population-based
approaches as the composite of altered physio-
logic regulation and function across multiple
systems. With this approach, longitudinally,
young as well as older adults show differentia-
tion between biologic and chronologic age, po-
tentially as young as the mid-30s (Cohen et al.
2014; Belsky et al. 2015; Cohen et al. 2015).

THE EMERGENCE OF FRAILTY IN OLDER AGE

With increasing age, after about age 70, a new
phenotype emerges, which is distinct from any
single chronic disease and is an independent
predictor of mortality in the short (3 yr) and
intermediate (7 yr) term: that of frailty. This
phenotype (Table 1) meets the criteria for a
medical syndrome (Fried et al. 2001; Bandeen-
Roche et al. 2006; Morley et al. 2013). Criteria
consist of a critical mass of three to five clini-
cal components, including muscle weakness,
slowed gait, low physical activity, sense of low
energy or exhaustion, and unintentional weight
loss. For 90% of those who become frail, frailty
is chronic and progressive in its development
(Xue 2011). Those with a subclinical presenta-
tion of only one or two components are at 2.5-
fold increased risk of progressing to having
three to five components present in 3 yr with
full manifestation of the frailty phenotype
(Fried et al. 2001). The prevalence of frailty in-
creases with age after age 65, and is twice as
prevalent in women as men and African-Amer-

icans as whites (Fried et al. 2001; Hirsch et al.
2006). By age 85, �25% of older adults in the
community manifest this phenotype; that is,
they show three, four, or five components of
frailty (Fried et al. 2001).

The characteristics of the phenotype were
originally hypothesized to be a vicious cycle re-
sulting from dysregulated energetics (Fig. 2).
Such a cycle can be potentially initiated at any
point, but the evidence is that in most older
adults who become frail, it begins with declines
in strength, walking speed, and/or physical ac-
tivity and then progresses to also include self-
reported low energy or exhaustion, and signifi-
cant unintended weight loss (Xue 2011).

Notably, this phenotypic presentation has
the characteristics of a medical syndrome: a
constellation of symptoms and signs, when
present in a critical mass, which predicts both
characteristic outcomes and identifies a distinct
underlying pathophysiology. The critical mass
of criteria that are present have greater specific-
ity for both outcomes and pathophysiology
than any one or two factors (Fried et al. 2001;
Bandeen-Roche et al. 2006). This constellation
of factors has been shown to have the dynamics
of a clinical syndrome in which there are no
distinct subsets of criteria that cluster together,
and any three (of five) factors that are present
synergistically predict outcomes of mortality,
disability onset and progression, hospitaliza-
tion, falls, and nursing home admission, sig-
nificantly more than any one or two factors
(Bandeen-Roche et al. 2006). It has recently
been recommended, in an international con-
sensus conference, that frailty be considered a

Table 1. Criteria that define frailtya

Characteristic Criteria for frailtyb

Weight loss Lost .10 pounds unintentionally last year
Exhaustion Felt last week that “everything I did was an effort” or “I could not get going”
Slowness Time to walk 15 feet (cutoff depends on sex and height)
Low activity level Expends ,270 kcal/week (calculated from activity scale incorporating episodes of walking,

household chores, yard work, etc.)
Weakness Grip strength measured using hand dynamometer (cutoff depends on sex and body mass

index [BMI])

From Fried in press b; reprinted, with permission.
aSyndrome present when more than three characteristics are identified.
bFor specific measures and details for determining frailty criteria, see Fried et al. 2001.
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new medical syndrome (Morley et al. 2013) and
that clinicians screen for frailty in people 70 and
older as a basis for intervening to prevent or
alleviate further decline.

MECHANISMS UNDERLYING THE CLINICAL
SYNDROME OF FRAILTY

Consistent with the definition of a syndrome,
the clinical presentation, or phenotype, identi-
fies a specific etiologic pathophysiology. The ex-
tant evidence is briefly summarized here, con-
sidering both physiologic and biologic genesis.

First, there are a number of individual
physiologic systems that have been identified
as dysregulated in association with frailty. As
background, there are many data that indicate
declines with age in function of multiple func-

tional and regulatory systems in the body, such
as circulating levels of specific hormones (e.g.,
estrogens, testosterone, and insulin-like growth
factor 1 [IGF-1]) (Kuchel et al. 2001), impaired
insulin sensitivity (Davidson 1979; DeFronzo
1981; Shimokata et al. 1991; Scheen 2005; Met-
ter et al. 2008), along with elevations of markers
of inflammation (e.g., interleukin 6 [IL-6] and
C-reactive protein [CRP]) with aging (Ershler
and Keller 2000; Reuben et al. 2002; Cohen et al.
2003; Joseph et al. 2005). Dynamic interactions
between declines in gonadal hormones and in-
creases in inflammatory mediators affect bone
mass, as well as mobility (Cappola et al. 2003),
whereas the impaired insulin sensitivity is pre-
dictive of both frailty and diabetes (Kalyani et al.
2012b). Notably, observations on insulin resis-
tance indicate that, although this becomes ap-
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Figure 2. Vicious cycle of frailty in older adults. An expression of dysregulated energetics, evidence indicates that
numerous exposures and chronic diseases, as well as aging-related processes, can initiate this cycle at any point.
However, the early manifestations in the main are declines in muscle strength, walking speed, and/or physical
activity, which predict development of exhaustion and—at end stages—significant unintentional weight loss.
(From Fried et al. 2001; reprinted with permission.)
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parent in the vast majority of women .85, frail-
ty is associated with highest levels of dysregula-
tion. For example, as exemplified for insulin
resistance-homeostatic model assessment (IR-
HOMA) (Barzilay et al. 2007) or glycated he-
moglobin (HgbA1C) (Kalyani et al. 2012b), an
HgbA1C of 6.5% and 8.0% or greater, respec-
tively, are associated with frailty prevalence
(Blaum et al. 2009) and threefold higher inci-
dence (Kalyani et al. 2012b). In the latter study,
the association of HgbA1C with frailty inci-
dence is nonlinear. This suggests that the change
in physiologic function with aging is associated
with frailty past a threshold level of severity.

With this pattern in mind, I briefly summa-
rize here the physiologic and biologic systems
shown, to date, to be associated—when dysreg-
ulated—with the syndrome of frailty. For ex-
ample, frail men and women 65 and older have
lower muscle density and muscle mass and
higher fat mass than do nonfrail persons (Cesari
et al. 2006). Phenotypic frailty is also associated
with altered resting metabolic rate (Weiss et al.
2012). Elevation of the following physiologic
systems have been associated with the pheno-
type of frailty: elevated glucose and insulin in
response to glucose tolerance test and elevated
HgbA1C (Kalyani et al. 2012b), IR-HOMA, and
inflammation (Walston et al. 2002; Barzilay
et al. 2007); higher evening cortisol levels (Va-
radhan et al. 2008; Johar et al. 2014); elevated
white blood cell counts (Baylis et al. 2013);
and increased heart rate variability in associa-
tion with frailty (Chaves et al. 2005). Along with
the direct association between level of inflam-
mation and frailty, there is an increase in frailty
with the number of inflammatory diseases pres-
ent (Chang et al. 2012).

Systems that are lower in association with
frailty are: IGF-1, testosterone, didehydroepian-
drosterone sulfate (DHEA-S), markers of clot-
ting (Walston et al. 2002; Kalyani et al. 2012a),
hemoglobin (Chaves et al. 2005), and serum
carotenoid and micronutrient concentrations,
with greater likelihood of multiple micronutri-
ent deficiencies (Michelon et al. 2006). Low dai-
ly energy intake (,21 kcal/kg) is associated
with 24% increased risk of frailty (Bartali et al.
2006). Low protein and vitamins D, C, and fo-

late intakes are also associated with frailty, along
with low intake of more than three nutrients.

Further, there is mounting evidence that bi-
ologic systems that are altered with aging also
predict frailty. For example, building on the hy-
pothesis that dysregulated energetics may un-
derlie the development of frailty (Fried 2001),
increasing attention is being focused on mito-
chondrial dysfunction. There is now strong ev-
idence for such dysfunction with aging itself.
The decline in mitochondrial function with ag-
ing limits production of adenosine triphos-
phate (ATP) (Chistiakov et al. 2014), which
most prominently affects the function of tissues
with high energy demand, for example, the ner-
vous system, heart, and skeletal muscle. This has
been shown to predict sarcopenia and loss of
physical fitness and an increase in central obe-
sity, diabetes, fatigue, and inflammation (Coen
et al. 2013), all of which contribute to frailty.
Now there is more specific implication of a mi-
tochondrial genetic variant in frailty (Moore
et al. 2010), and evidence that mitochondrial
DNA (mtDNA) levels and number might
form part of the biological component of the
phenotype (Ashar et al. 2015). In separate stud-
ies, mtDNA copy number has been associated
with ATP production rate (Short et al. 2005),
and worsening in frailty status is associated
with a significant decrease in global DNA
methylation levels (Bellizzi et al. 2012). These
findings support the theory that aging-associ-
ated decrease in mitochondrial function, with
alterations in production of energy, might un-
derlie both the phenotype and dysregulations of
frailty.

Second, the whole is greater than the sum
of the parts. It is clear that these individual sys-
tems are not independent of each other. For
example, sarcopenia results, in part, both from
hormonal deficiency and cytokine excess (New-
man et al. 2001; Morley et al. 2005). Postmen-
opausal declines in serum estrogen and andro-
gen levels contribute to increased bone loss
(Joseph et al. 2005). Higher serum testosterone
in older women is associated with insulin resis-
tance (IR) and metabolic syndrome (Patel et al.
2009). Both IR and diabetes have been associat-
ed with excessive loss of lean body mass and
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muscle strength (Park et al. 2007, 2009). Fur-
ther, IR is associated with skeletal muscle mito-
chondrial dysfunction (Phielix et al. 2008).
Many physiological declines are mediated by
proinflammatory cytokines, decline in hor-
mones (especially, testosterone [T] and IGF-
1), and IR; this has been well summarized by
Morley et al. (2005). Further, inflammation is
associated with lower leg muscle mass and
strength, IR, frailty, and disability (Guralnik
et al. 1994; Ferrucci et al. 2002; Visser et al.
2002; Hubbard et al. 2010).

With regard to frailty, prevalence and inci-
dence of frailty is a product of the multiplicity of
dysregulated systems, more than any one sys-
tem. Overall, it has been shown that there is a
nonlinear association of the number of systems
dysregulated with frailty (Fried et al. 2009), and
even within systems, the number of abnormal
hormones (Cappola et al. 2003) or micronutri-
ents (Semba et al. 2006) associated with frailty.
Further, higher cortisol, DHEA-S ratio, as well
as lower levels of DHEA-S and higher white
blood cell counts predicted frailty over 10-yr
follow-up, indicating interactions between the
immune and endocrine axis (Baylis et al. 2013).
One summary has stated that the “presence of
decreased gonadal hormones and IGF-1, com-
bined with unusually high peripheral levels of
cytokines, inflammatory mediators, and coag-
ulation markers all enhance risk of sarcopenia
and frailty” (Joseph et al. 2005).

The nonlinear association of the number of
systems dysregulated with the probability of
frailty is consistent with frailty emerging from
severe dysregulation of the complex dynamical
system that maintains organismal homeosta-
sis and resilience (Fried et al. 2009). As shown
in Figure 3, there is a nonlinear increase in the
prevalence of the phenotype of frailty as the
number of abnormal physiologic systems in-
creases in women 70–79 in the Women’s Health
and Aging Studies. The systems considered
here include: hematological (hemoglobin .12
mg/dL); inflammatory (IL-6 top tertile); hor-
monal (deficiencies in IGF-1, DHEA-S, and
HgbA1C); adiposity (lowest quartile, triceps
skinfold thickness); neuromuscular (slow fine
motor speed); and two or more micronutrients
deficient. Further, the population subdivided
into two classes: 70% with one or no systems
abnormal, and 30% with multiple systems (2.9,
on average) abnormal; thus, three or more sys-
tems abnormal predict being frail. Notably,
there were no dominating patterns of systems
involved in association with frailty. However,
the second class showed an odds ratio of 2.6
(p , 0.05) in association with being frail, ad-
justing for comorbid diseases, age, race, and
education (Fried et al. 2009). Class 2 was asso-
ciated with being frail after individually control-
ling for each of the eight systems, and none of
the eight systems were individually significant
except fine motor speed. Notably, the number
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Figure 3. Association of number of physiological systems at abnormal levels with prevalence of being frail,
women aged 70–79 ( p , 0.01 for quantitative trend). (From Fried et al. 2009; reprinted, with permission.)
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of comorbid diseases was also associated with
frailty, but independent of multisystem abnor-
malities; the strength of association approxi-
mated that of class 2. These findings support
the biology underlying the phenotype of frailty
as being that of a complex system, with the
dominating predictor being the number of sys-
tems dysregulated, not any particular system.

The picture gets even more complex when
one considers that the physiological systems im-
plicated in frailty each affect two or more of the
five components of the frailty phenotype and
further mutually affect or regulate each other.
The substantial network of physiologic connec-
tions implied here is consistent with the inter-
connected systems of feedforward and -back
loops that are elements of a complex dynamical
system. It has been suggested that the aggregate
effect of senescent processes, such as those in the
systems studied here, have a nonlinear contri-
bution to a complex system (Yates 2002), even if
their decline over the adult life course displays a
quasilinear property individually. The findings
summarized above are consistent with this the-
ory, and with the concept of a complex adaptive
system in which dysregulation of a threshold
number of systems may culminate in critical
loss of homeostatic adaptive capacity. This
emergent property of frailty as the manifesta-
tion of a dysregulated complex adaptive system
supports the concept of frailty as a biologically
coherent behavior (Kitano 2002), and provides
insight into reasons for the vulnerability of
older adults who are in this emergent state of
frailty to adverse health outcomes (e.g., death,
falls, and disability). It is further supported by
emerging work proposing underlying processes
of alterations of networks of biomarkers with
aging, with the decrements in whole networks
predicting frailty (Cohen et al. 2015).

In summary, the phenotype of frailty ap-
pears to emerge in relation to latent, apparently
etiologic, changes of increasing dysregulation
of multiple physiologic systems. Frailty emerges
when a threshold level of dysregulation devel-
ops. The severity of their individual and aggre-
gate dysregulation predicts the severity of the
phenotype, and both dysregulation and the
emergence of the phenotype are age associated

and predict mortality, but do not predict spe-
cific chronic diseases (Cohen et al. 2003, 2013,
2015). These changes involve, first and centrally,
systems that mutually regulate homeostasis and
response to stress and injury. Second, the find-
ings are consistent with the dysregulation of a
physiologic complex adaptive system, which is
essential for resiliency (Fried et al. 2009).

Third, there is evidence that this dysregu-
lated complex system is particularly manifest
in the response to a challenge or stressor, and
may well underlie the high risk of adverse out-
comes in frailty. In a series of studies of response
to an oral glucose tolerance test administered to
85- to 95-yr-old women in the Women’s Health
and Aging Study II, .70% had compromised
response to the glucose tolerance test; only 27%
had a normal fasting glucose and normal oral
glucose tolerance test (OGTT). However, those
who were frail had a differentially worse re-
sponse. Specifically, women who were frail had
67 mg/dL greater increase in glucose in re-
sponse to OGTT, and markedly delayed return
of glucose and insulin back to baseline, com-
pared with those who were nonfrail or prefrail
(Kalyani et al. 2012b).

Further, frail women showed abnormal hor-
monal stimulus-response dynamics in energy
metabolism response after oral glucose load
(Kalyani et al. 2012a), with a pattern of elevated
glucose-raising hormones and decreased glu-
cose-lowering hormones in the frail compared
with the nonfrail. Overall, the findings suggest-
ed that frailty status may represent a threshold of
dysregulation in energy metabolism hormones,
particularly for ghrelin. These findings support
the theory that the entire physiological network
of hormones that mutually regulate glucose ho-
meostasis are dysregulated in frailty. This fur-
ther supports the line of reasoning that intrinsic
homeostatic mechanisms to maintain energy
balance may be blunted with aging (Wilson
and Morley 2003).

Overall, these findings are consistent with
frailty as a marker of a severe end stage of bio-
logic aging, with underlying dysregulation of
the complex dynamical systems that maintain
a resilient organism, and in which dysregulation
of the system will become evident in the pres-
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ence of stressors, with consequences, such as
adverse health outcomes, which occur when
the system is challenged. This theory is consis-
tent with the basic tenets of biological complex
systems (Csete and Doyle 2002; Kitano 2002).
This complex system could well be considered a
hallmark of aging, adding to the nine laid out by
López-Otı́n et al. (2013).

IMPLICATIONS OF FRAILTY AS A
DYSREGULATED COMPLEX SYSTEM FOR
THERAPEUTIC OR PREVENTIVE APPROACH

Ultimately, the evidence of frailty as a complex
system suggests why interventions targeting
only one of many dysregulated systems, such
as hormonal supplementation, have not been
found to prevent or ameliorate frail states.

For example, many trials of monotherapies,
such as replacement of estrogen or testosterone
(Snyder et al. 1999; Taaffe et al. 2005; Ronkainen
et al 2009; Kenny et al. 2010), for mitigation of
frailty have not been successful. There are many
other dimensions that need to be understood
beyond this; for example, why is it that estro-
gen-replacement therapy does not protect
against skeletal muscle loss with aging in wom-
en, whereas testosterone does predict muscle
mass (Kenny et al. 2003)? With these observa-
tions as background, for the rest of this article
we focus on the evidence of frailty as a complex
system problem as the basis for a differential
approach to prevention or treatment.

A particular focus to intervention within
this framework could be the role of energy dys-
regulation as a critical entry point to develop-
ment of frailty. Certainly, across the evidence
summarized above, there are key elements of
energy dysregulation now identified as compo-
nents or drivers of frailty, from the altered energy
intake in diet, to the phenotype itself, including
unintentional weight loss, physical exhaustion
and sarcopenia, and muscle weakness (Fig. 2)
(Fried et al. 2001), to altered glucose metabolism
and muscle efficiency, to mitochondrial func-
tion. Considering the evidence, this would sug-
gest that therapeutic opportunities need to focus
on improving energy production and use, and
shifting the entire complex system of function.

PHYSICAL ACTIVITY AS A MODEL FOR
INTERVENTIONS THAT MIGHT PREVENT,
DELAY, OR TREAT FRAILTY

Physical activity, as an intervention, offers an
intriguing model for the type of intervention
that could prevent or mitigate frailty. This arti-
cle concludes by offering the reasoning for this
statement.

First, if one considers the association of
physical activity with frailty, declines in physical
activity both predict, early on, the development
of the rest of the phenotype (Xue et al. 2012)
and likely exacerbate both frailty-related out-
comes and the underlying dysregulation. Con-
sider in terms of outcomes that, although frailty
has been shown to predict mortality, falls, and
disability more powerfully than physical activity
alone, low levels of physical activity, into the
oldest ages, independently predict these out-
comes, including mortality (Kushi et al 1997;
Fried et al. 1998; Andersen et al. 2000; Katzmar-
zyk et al. 2003; Hu et al. 2004). Physical activity
is consistently a predictor of lower mortality, as
well as of greater muscle strength, into the oldest
ages. In observational studies of older adults, for
example, Xue et al. (2012) has shown in a 12-yr
follow-up of women 70–79 at baseline in the
Women’s Health and Aging Study II, that those
who rapidly declined in physical activity over 12
yr or who were always sedentary (adjusting for
chronic diseases, disability, obesity, and other
confounders) had hazard ratios for death of
2.34 and 3.34, compared with those who were
always active. Further, the findings suggested
that physical activity did not have to be vigorous
to have benefit (Xue et al. 2012).

Second, physical activity is known to pre-
serve or improve the function of many of the
physiologic systems at abnormal levels in frail
older adults: for example, sarcopenia and pro-
tein synthesis (Zampieri et al. 2015), muscle
force and function, and fiber morphology. Gó-
mez-Cabello et al. (2014) showed that, in people
65 and older, physical activity in women was
associated with both upper and lower body
strength, whereas in men it was associated
with strength of knee and grip. Further, exercise
maintains or improves glucose metabolism, in-
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flammation, and anemia, as well as exercise tol-
erance underlying the feeling of “exhaustion” or
low energy in the phenotype.

Third, declines in energy availability to
the individual because of impairment in ATP
production with aging may depend on mito-
chondrial dysfunction (Trounce et al. 1989; Shi-
genaga et al. 1994), which itself is partially cor-
rected by physical activity. Exercise has been
shown to maintain mitochondrial function in
aging and prevent release of reactive oxygen spe-
cies (ROS). Regular exercise over adulthood not
only preserves muscle force, function, and mor-
phology, but preserves ultrastructure of intracel-
lular organelles involved in calcium handling
and ATP production, and lowers expression
of genes related to autophagy and ROS detoxi-
fication, important for clearance of damaged
organelles and proteins. Conversely, inactive ag-
ing results in drastic reduction in number of
calcium release units and volume and number
of mitochondria in muscle, compared with
young individuals (Zampieri et al. 2015), as
well as structure and preservation of organelle
positioning—all dimensions that could directly
influence ATP production and, thus, be impor-
tant for overall muscle performance (Zampieri
et al. 2015).

Notably, it appears possible to maintain a
tuned energetics system with maintenance of
physical activity over the life course and into
the oldest ages. As reported by Zampieri et al.
(2015), skeletal muscle of well-trained seniors
with a 30-year history of regular exercise is
more like that of young adults than that of age-
matched sedentary individuals, and signaling
pathways controlling muscle mass and metab-
olism are differently modulated in senior
sportsmen to support maintenance of skeletal
muscle structure (preservation of slow-type fi-
bers), function, bioenergetics characteristics
(improved oxidative muscle metabolism), and
phenotype. The general organization of the me-
tabolic apparatus is far better preserved in indi-
viduals who exercised regularly. Forexample, the
frequency of mitochondria is higher in athletic
than sedentary seniors, with mitochondria be-
ing even more positively affected than the ex-
citation–contraction coupling apparatus. Zam-

pieri et al. (2015) have shown that the frequency
of calcium release unit (CRU)-mitochondrial
pairs is threefold higher in senior sportsmen;
this functional coupling up-regulates ATP pro-
duction when muscle is active (Brookes et al.
2004; Shkryl and Shirokova 2006; Mosole et al.
2014). Notably, there is also significant up-reg-
ulation of miR-206 expression in senior sports-
men, compared with young adults and healthy
sedentary seniors; this microRNA has been
shown to play a specific role in the early events
of regeneration (Cacchiarelli et al. 2010). Con-
versely, autophagy-related genes were signifi-
cantly up-regulated in sedentary seniors com-
pared with age-matched senior sportsmen and
young adults. This suggests that signaling path-
ways that control muscle mass and metabolism
are differently modulated in senior sportsmen to
preserve bioenergetics characteristics and mor-
phology, and that regular physical activity can
now be seen as “a good strategy to attenuate age-
related general decay of muscle structure and
function” (Zampieri et al. 2015). Supporting
this, as one outcome measure, the Health ABC
study found in older participants followed for
5 yr that sedentary individuals had significantly
increased risk of decline in gait speed to ,0.60
m/sec and/or inability to rise from a chair with-
out use of arms (Peterson et al. 2009) compared
with those who actively exercised. This suggests
that self-selected exercise activities may be inde-
pendently associated with delaying onset and
progression of frailty (Peterson et al. 2009).

Zampieri’s conclusion was that “a specific,
well-directed program of training could im-
prove body balance, muscle structure, and con-
tractile properties in elderly persons” (Zampieri
et al. 2015). In fact, exercise trials of different
intensities in older adults of different degrees of
frailty have shown the benefit. Notably, one of
the first studies in this arena was that by Fiata-
rone et al. (1990), which showed an almost two-
fold improvement of nonagenarian muscle
strength and balance by a weight-lifting proto-
col. More recently, the LIFE Study randomized
controlled trial showed that, among adults 70–
89 at risk for disability (defined as sedentary,
SPPB 9 or lower; could walk 400 m in ,15
min; no major cognitive impairment), a struc-

Exercise as an Intervention for Human Frailty

Cite this article as Cold Spring Harb Perspect Med 2016;6:a025916 9

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



tured, moderate intensity physical activity pro-
gram that included aerobic (150 min per week
of walking, with a goal of 30 min daily at inten-
sity of 13), plus resistance and flexibility and
balance training activities (compared with
health education program) led to a significant
difference in frailty prevalence at 12 mo (10%)
compared with successful aging group (19%),
and the mean number of frailty criteria was es-
pecially reduced for younger subjects, Blacks,
participants with frailty, and those with multi-
morbidity (Pahor et al. 2014; Cesari et al. 2015).

IMPLICATIONS

Thus, trials of physical activity suggest that this
offers a low-risk and effective preventive and
therapeutic intervention to prevent or mitigate
frailty. These findings are important in them-
selves. However, they offer intriguing impli-
cations in terms of criteria for other therapies

to be considered in the future. These implica-
tions draw directly from further evidence,
that physical activity “tunes”—or improves the
function—of many systems in the body that
are implicated in frailty etiology, as discussed
above. These include muscle structure and func-
tion, hormonal, inflammatory, immune, hema-
tologic, and other coregulatory functions, as
well as supporting improved brain functions.
Evidence ranges from trials of aerobic exercise
training (for 6–9 mo), which showed improved
heart rate variability in older adults (Levy et al.
1998; Schuit et al. 1999; Stein et al. 1999; Lipsitz
2002), to the metformin trial, which showed
that the lifestyle intervention (with at least
150 min of physical activity per week) was more
effective in restoring normal postload glucose
values than was metformin or placebo, with
the advantage of the lifestyle intervention being
greater in older individuals (Nathan 2002), to
the work of Lindholm et al. (2014); indicating
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Figure 4. Physical activity positively affects function of multiple components of the syndrome of frailty at levels of
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terone sulfate; GH, growth hormone; HPA, hypothalamic–pituitary–adrenal; SNS, sympathetic nervous system.
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that exercise of one leg in human volunteers
leads to leg-specific epigenetic benefits in mus-
cle: in addition to increased mass, epigenetic
benefits, including new methylation patterns
in .5000 sites on genome of muscle cells, par-
ticularly affected many muscle enhancers in ge-
nome that amplify expression of proteins by
genes. Most of the genes affected play a role in
energy metabolism, insulin response, and in-
flammation in muscles.

Further, exercise offers an intriguing model
of a single intervention with multisystem ben-
efits (Fig. 4). This confers great efficiency, but it
also offers a model for types of interventions
that may be effective in frailty as the outcome of
dysregulation of the well-tuned complex dy-
namical system of a resilient organism. This is
because physical activity simultaneously up-
regulates many systems that mutually regulate
each other in combination. Thus, the whole
organism could be retuned to a higher func-
tional level. This offers a model intervention
that matches well a complex system problem.
If monotherapies are not sufficient, then find-
ing an intervention that “tunes” a critical mass
of systems would be critical. Kitano (2007) has
asserted that frailty is the consequence of a
trade-off between robustness and fragility (Ki-
tano 2007), with robustness contributing to
homeostasis and maintenance of functionali-
ty. Bortz (2008) has further stated that “Frail-
ty is an assertion of the loss of dynamics,
body-wise and system-wide” and that “It is
in the tuning of the entire orchestra of genes
to the cueing ‘A’ of the oboe where health
resides.” Physical activity offers both the first
evidence as to effective approaches to prevent-
ing or treating frailty and a biologic model
for future therapies.
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