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1  | INTRODUC TION

It is projected that approximately 16% of the world's population will 
be 65 years of age or older by 2050, doubling the percentage from 
2015 levels.1 As world demographics shift towards an aging popula‐
tion, the concept of frailty is emerging as a critical area of research. 
This is happening because frailty increases dramatically with age, 
with a prevalence of 5.2% in men and 9.6% in women over the age 
of 65 years.2 Although there is no generally accepted definition of 
frailty, most view it as an increased vulnerability to external stress‐
ors that leads to adverse health outcomes.3 The idea of frailty helps 

explain heterogeneity in aging and provides an understanding of the 
difference between biological age and chronological age.

Along with the lack of a universal definition, there is no single 
method of quantifying frailty.4 The two most widely used clinical 
methods are the “frailty phenotype” and the “frailty index” and both 
approaches are predictive of adverse health outcomes, such as mor‐
tality.5 The frailty phenotype views frailty as a syndrome caused by a 
downward spiral of energy reserves.6 This instrument measures five 
criteria: unintentional weight loss, self‐reported exhaustion, low grip 
strength, slow walking speed, and low physical activity. An individ‐
ual is considered frail if three or more of these criteria are present.6 
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Abstract
Frailty is a state of high vulnerability to adverse health outcomes. This concept is 
used to explain the heterogeneity in rates of aging in people of the same age. Frailty 
has important clinical implications, because even minor stressors can lead to adverse 
outcomes, including death, in frail individuals. Although frailty mechanisms are not 
well understood, advances in our ability to qualify frailty have encouraged efforts in 
this area. Quantification of frailty with both “frailty phenotype” and “frailty index” 
approaches has begun to highlight putative frailty mechanisms and new animal mod‐
els of frailty are inspiring preclinical research. These models either adapt frailty phe‐
notype and frailty index tools for use in animals or they use genetically manipulated 
mice that mimic conditions seen in frailty (eg, inflammation, sarcopenia, weakness). 
This review: describes commonly used tools to quantify frailty clinically, discusses 
potential frailty mechanisms, and describes animal models of frailty. It also highlights 
how these models have been used to explore frailty mechanisms and potential frailty 
interventions, including pharmacological treatments, diet, and exercise. These excit‐
ing new developments in the field have the potential to facilitate translational re‐
search, improve our understanding of mechanisms of frailty, and help develop new 
interventions to mitigate frailty in our aging population.
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By contrast, the frailty index takes a multidimensional approach and 
views frailty as a state characterized by the accumulation of health 
deficits across multiple systems.7 This approach initially used 20 
deficits8 but can be expanded to include many more deficits.9 Each 
deficit is scored as 0 if absent and 1 if present.8 The sum is then 
divided by the total number of measured deficits to achieve a ratio, 
known as the frailty index. Subsequent studies have shown that the 
precise nature of the health deficits measured is less important than 
the total number of individual measured deficits, as long as at least 
30 deficits are included in the index.10,11.

An important recent advance in the field is the translation of 
both frailty index and frailty phenotype approaches to animal mod‐
els. This development is beneficial in terms of understanding frailty 
mechanisms and identifying novel strategies by which frailty can be 
attenuated or improved. This review will first discuss potential age/
frailty mechanisms, focusing on evidence from studies in clinical 
populations. Newly developed animal models of frailty will then be 
introduced, along with recent applications of these models.

2  | MECHANISMS IMPLIC ATED IN 
FR AILT Y

As age and frailty are closely linked, many of the mechanisms in‐
volved in the development of frailty are similar to those implicated 
in aging.12 As in aging, there is no single cause of frailty. Instead, 
it appears to reflect accumulated damage across multiple systems. 
Putative aging and frailty mechanisms include: inflammation, loss 
of stem cell regeneration, DNA damage, a decline in metabolism, 
dysregulation of hormones, epigenetic factors, and the loss of pro‐
teostasis.12,13 As shown in Figure 1, many of these putative frailty 
mechanisms may be caused by or exacerbated by environmen‐
tal factors. These mechanisms are also thought to be interrelated 
(Figure 1).

2.1 | Inflammation

Age can give rise to chronic low‐level inflammation in a process 
called inflamm‐aging.14 This state is characterized by changes in the 
inflammatory cytokine network that regulate the development of 
inflammation. The balance between pro‐ and anti‐inflammatory cy‐
tokines is disrupted during inflamm‐aging in a way that shifts the 
balance from anti‐ to pro‐inflammation.15 Clinical studies show that 
levels of the pro‐inflammatory cytokine interleukin‐6 (IL‐6) increase 
markedly with age.16 Interestingly, elevations in IL‐6 levels are also 
seen in conjunction with many age‐related diseases.17 A recent 
meta‐analysis found a number of studies that showed frailty is asso‐
ciated with higher inflammatory markers, including C‐reactive pro‐
tein and IL‐6.18 Recent work used a phenotype approach to quantify 
frailty in veterans aged 62‐95 years and found that IL‐6 levels are 
more closely linked to frailty than to age.19 These studies suggest 
that inflammation is a key mechanism that contributes to frailty in 
aging individuals.

Other pro‐inflammatory cytokines have a close relationship 
with age and may be associated with frailty. For example, ele‐
vated levels of the pro‐inflammatory cytokine tumor necrosis 
factor‐α (TNF‐α) are associated with higher mortality in older in‐
dividuals,20 although whether this is associated with frailty is not 
yet clear. It is also possible that anti‐inflammatory cytokines play 
a role in aging and frailty. In support of this, the production of 
the anti‐inflammatory cytokine interleukin‐10 (IL‐10) is increased 
in centenarians when compared to younger, matched controls.21 
On the other hand, high levels of IL‐10 predict negative health 
outcomes, like cardiovascular diseases.22 It is possible that the 
increase in IL‐10 in these diseases may act to counter pro‐inflam‐
matory processes, although more work in this area is required. 
One study that explored IL‐10 in frailty showed that serum levels 
do not change with frailty.23 It is likely that age and frailty‐de‐
pendent dysfunction reflect disruption in the balance between 
pro‐ and anti‐inflammatory cytokines rather than changes in any 
one specific cytokine.

2.2 | Loss of stem cell regeneration and senescence

Aging is characterized by the loss of tissue regenerative properties 
and the accumulation of senescent cells, both of which may contrib‐
ute to frailty. Stem cells are vital to tissue maintenance but they be‐
come damaged with age as a result of both intrinsic mechanisms (eg, 
DNA damage) and external forces.24 Stem cells are normally quies‐
cent but they can re‐enter the cell cycle and proliferate in response 
to extracellular cues.24 Mechanisms like the tumor suppressor p53 
protein act to attenuate stem cell function and reduce proliferation. 
While this is useful in preventing cancer, stem cells may stop pro‐
liferating with time, which can lead to poor tissue repair during the 
aging process.

F I G U R E  1   Schematic diagram that illustrates putative frailty 
mechanisms. Potential frailty mechanisms are interrelated and 
modified by environmental factors. Modified from concepts 
proposed as the hallmarks of aging12 and the pillars of aging13
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Cells, including stem cells, cannot replicate indefinitely and even‐
tually they reach a limit (the Hayflick limit) and become senescent.25 
Senescent cells can contribute to age‐related deterioration in several 
ways. Their abnormal morphology plus changes in gene expression 
can compromise tissue function and they can limit the pool of po‐
tential stem cells.26 In addition, senescent cells develop what has 
been termed the senescence‐associated secretory phenotype (SASP). 
In other words, they secrete cytokines, chemokines, matrix remod‐
eling proteases, and growth factors, all elements that are implicated 
in aging, chronic diseases, and frailty.26 Indeed, an exciting new de‐
velopment in the field of aging and frailty research is the develop‐
ment of so‐called senolytic drugs. These biological or small molecule 
compounds specifically induce death in senescent cells and thereby 
eliminate the SASP.27 Senolytic drugs are now being tested in early 
stage clinical trials to see if targeting fundamental aging mechanisms 
can reduce conditions such as multimorbidity, age‐related loss of re‐
silience, and frailty.27 Such interventions could usher in a new era 
in the treatment of frailty and diseases of aging by targeting many 
diseases at once rather than one at a time.

2.3 | DNA damage

Cellular DNA is damaged by exposure to both exogenous and endog‐
enous agents and DNA damage is thought to be a key mechanism 
in aging. DNA‐damaging agents include reactive oxygen species 
(ROSs), alkylating agents, reducing sugar compounds, lipid peroxi‐
dation products, and nitric oxide metabolites.28 There is evidence 
that these mechanisms play a role in aging. For example, ROSs are 
produced endogenously by the mitochondria as by‐products of the 
electron transport chain.28 External factors, such as tobacco smoke, 
also contain ROSs.29 While antioxidant defense mechanisms can help 
attenuate ROS damage, these mechanisms do not provide complete 
protection and ROS damage accumulates with age.30 Interestingly, 
there is recent evidence that measures of oxidative stress are more 
closely associated with frailty than with chronological age, which 
suggests that DNA damage induced by ROS may be associated with 
frailty.31

Another major cause of DNA damage is telomere shortening. 
Telomeres are protective, non‐coding, repetitive ends of DNA that 
protect against shortening that arises as a result of DNA replication. 
Telomere shortening can be compensated by the enzyme telomer‐
ase, but even so, telomeres eventually shorten with time.32 Short 
telomeres are seen in several disease states, including dyskeratosis 
congenita, a disease of accelerated aging, and in other age‐related 
diseases, such as pulmonary fibrosis.33 However, there is no evi‐
dence for a link between frailty and telomere length,34,35 although 
telomere shortening might represent only a single component of the 
various mechanisms implicated in frailty.

2.4 | Decline in metabolism

The age‐related decline in metabolism involves changes in many 
physiological mechanisms. Aging is characterized by the loss of 

lean muscle mass and the movement of adipose tissue deposits 
to the abdominal area. The loss of skeletal muscle in aging can 
be due to cachexia (muscle loss secondary to illness) or sarcope‐
nia (degenerative loss of muscle mass and function).36 These age‐
dependent changes in body composition are not solely based on 
low basal metabolic rate or a general decline in physical activity.37 
Muscle loss also reflects a negative protein and energy balance 
due to reduced food intake, inability to synthesize protein, and 
abnormal metabolism, as well as aging mechanisms, such as hor‐
monal changes and inflammation.36,38 Critically, there is growing 
evidence from clinical studies that sarcopenia is closely linked to 
frailty as well as to aging.37‐39

As noted above, a decline in appetite in older individuals may af‐
fect metabolism. This phenomenon is termed the anorexia of aging40 
and it is often linked to other chronic, comorbid conditions. This loss 
of appetite is due to many factors, including changes in taste and 
smell, a reduction in energy requirements, the presence of various 
diseases, pain, and changes in the digestive system.41 Loss of ap‐
petite is an important contributor to protein‐energy malnutrition, 
a common problem in older adults that leads to sarcopenia, falls, a 
decline in physical function, reduced quality of life, and an increase 
in mortality.42 As frail older adults often do not ingest an adequate 
amount of food, the loss of appetite is a potential modifiable risk 
factor for the development of frailty.43

2.5 | Dysfunctional hormone regulation

Hormones are signaling compounds that help regulate physiology 
and behavior. Although changes in various hormones can contrib‐
ute to aging and frailty, anabolic hormones have been most clearly 
implicated. Anabolic hormones, such as androgens and insulin‐like 
growth factor‐1, play a key role in stimulating protein synthesis, 
muscle growth, and insulin secretion.44,45 There is strong evidence 
that the levels of these hormones decline with age.46 With respect 
to frailty, it is possible that the number of dysregulated hormones 
is a better predictor of frailty than any single abnormality. For ex‐
ample, frail women are more likely to have two or three hormone 
abnormalities when measuring free testosterone, insulin‐like growth 
factor‐1, and dehydroepiandrosterone sulfate levels rather than ab‐
normal levels of a single hormone.47 When the same hormones are 
measured in men, 6‐year mortality is closely related to abnormal lev‐
els of all three hormones and not just one.48 Together, these data 
demonstrate links between frailty and anabolic hormones, and sug‐
gest that the dysregulation of multiple hormones is a potential frailty 
mechanism.

2.6 | Loss of proteostasis

Proteostasis is a homeostatic process whereby the cell controls 
the production of properly folded proteins, and the degradation 
of improperly folded proteins. The aging process is associated 
with an overall decline in proteostasis that, when severe, can give 
rise to age‐related diseases like Alzheimer's disease or Parkinson's 
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disease.49 There are many age‐related changes in proteostasis and 
several key examples are discussed below.

The degradation of old or damaged proteins, a process known as 
clearance, is integral to proper protein regulation. This process is par‐
tially regulated by the ubiquitin‐proteasome system, where proteins 
are marked for degradation by ubiquitylation and degraded by prote‐
asomes.50 In older human cells, there is a build‐up of ubiquitin‐con‐
jugated proteins.51 This may arise as a consequence of the inability 
of the major mammalian proteasome (the cytosolic 26S proteasome) 
to deal with large numbers of abnormal proteins that accumulate 
during aging, which leads to aggregation of damaged proteins.51,52 
In support of this, the activity of the 20S proteasome, which is the 
functional core of 26S proteasome, may decline with age.51,52 This 
suggests that proteasome dysfunction increases with age. There is 
also a proposed link between the 20S proteasome and frailty. Older 
individuals classified as pre‐frail have lower 20S proteasome levels 
than those classified as frail.53 These observations indicate that pro‐
teasome dysfunction may contribute to the accumulation of damage 
in the context of aging and frailty.

Individual protein “health” is also thought to contribute to det‐
rimental changes linked to aging. For example, long‐lived proteins, 
such as crystallin and collagen, exhibit spontaneous conformational 
changes as a function of age.54 The amino acids within proteins can 
spontaneously move from a more stable L‐form to the unstable 
D‐form in a process known as protein aging.54,55 Such changes are 
known to result in various age‐dependent health deficits, such as the 
development of cataracts in the eye.56 Although protein aging has 
not yet been directly associated with frailty, it is possible that such a 
link exists. The aging of individual proteins would be expected to af‐
fect multiple systems and thereby contribute to overall development 
of frailty in old age.

2.7 | Epigenetics

Epigenetics refers to the study of mechanisms that can alter gene 
expression without changing the genetic code itself. Epigenetic 
changes are potentially important in both aging and frailty, because 
the resultant changes in gene expression can impact underlying 
mechanisms, for example by silencing DNA repair genes or anti‐in‐
flammatory genes.57,58 Although many processes fall under the term 
epigenetics, the focus here will be on DNA methylation and its rela‐
tionship to age and frailty. Variations in DNA methylation patterns 
occur as methyl groups are either added or removed from position 
five of cytosine in DNA.57 There is growing evidence for changes in 
DNA methylation with age, with most studies supporting the no‐
tion that advanced age is associated with global hypomethylation 
and local hypermethylation.57,58 There is now some evidence that 
changes in DNA methylation are linked to frailty. Interestingly, one 
report found no correlation between global DNA methylation and 
age but showed that frail individuals had lower global DNA methyla‐
tion levels than non‐frail individuals.59 Another study found no cor‐
relation between frailty and global DNA hypomethylation, although 
lower DNA methylation levels were seen at specific sites.60

A relatively new discovery is that DNA methylation patterns can 
be used to predict the functional capacity of a person (or an organ) 
with time, thereby providing an estimate of biological age.61 These 
discrepancies between epigenetic age and chronological age have 
been termed age acceleration and are thought to be mediated by 
an epigenetic clock.62 Epigenetic age acceleration is related to the 
future risk of heart disease63 and is found in many cancer cells.62 
Recent work suggests that epigenetic age acceleration is closely re‐
lated to the degree of frailty. For instance, several studies have now 
shown that epigenetic age acceleration is associated with frailty in 
older individuals.64,65 Work in this critical area is only just beginning, 
and new developments should improve our understanding of under‐
lying mechanisms in frail older individuals.

2.8 | Environmental factors

Frailty is thought to be mediated by multiple systemic mechanisms, 
as discussed above and illustrated in Figure 1. However, it is im‐
portant to recognize that frailty can be induced or exacerbated by 
a range of different environmental factors. A specific example is 
cigarette smoking, which is a predictor of worsening frailty.66 More 
generally, men with lower education, lower income, and inadequate 
finances tend to have higher frailty scores.67 There also is a clear 
inverse relationship between a country's gross domestic product 
and the overall mean frailty index scores.68 While the exact reasons 
for these associations are not yet fully understood, frailty is clearly 
linked to environmental factors and additional mechanistic studies in 
this area would be informative.

3  | ANIMAL MODEL S

It is now apparent that the heterogeneity in aging seen in humans 
is also present in animal models of aging. A recent approach used to 
quantify heterogeneity in aging animals is to measure their level of 
frailty. A number of laboratories have adapted tools used in humans 
to quantify frailty in various animal models, as discussed below. 
These tools have been used to provide an individualized measure 
of healthspan for each animal, to investigate putative frailty mecha‐
nisms and to evaluate the efficacy of interventions designed to at‐
tenuate frailty.

3.1 | Murine models of frailty

Mice are a very commonly used animal model of aging, due in part 
to their relatively short lifespan and to the availability of genetically 
manipulated models for hypothesis testing. An important recent de‐
velopment in the biology‐of‐aging field is the translation of frailty 
assessment tools that were originally developed in humans for use 
in mouse models.69 Both the frailty index and frailty phenotype ap‐
proaches have been successfully translated into mouse models.

Parks et al70 were the first to quantify frailty in an animal model. 
They used naturally aging C57BL/6 mice and quantified frailty with 
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a frailty index based on the accumulation of health deficits in activ‐
ity levels, hemodynamic parameters, body composition, and metab‐
olism.70 They measured 31 potential deficits, coded based on the 
number of standard deviations they differed from reference values 
in young adults and showed that frailty was significantly higher in 
30‐month‐old mice compared with 12‐month‐old mice. More re‐
cently, a simplified frailty index tool was developed based on 31 
clinically apparent signs of age‐associated deterioration in aging 
mice.71 This frailty index has a high degree of interrater reliability, 
even when used by investigators of different experience levels.72,73 
Major features of the murine frailty index are comparable to frailty 
index data in humans. For example, they have similar rates of defi‐
cit accumulation and both show a direct relationship between high 
frailty index scores and mortality.74

Mouse frailty assessment tools based on the frailty phenotype 
also have been developed. Liu et al75 developed criteria for use in 
mice based on those used in people, including grip strength (in‐
verted‐cling grip test), maximal walking speed (rotarod), physical 
activity (voluntary wheel running), and endurance (rotarod plus 
grip strength). Interestingly, they did not include a weight loss term. 
Mice with three or more of these criteria are considered frail while 
those with two criteria are considered pre‐frail and fewer than two 
are considered non‐frail.75 More recent models have quantified the 
mouse frailty phenotype with a weight loss factor included in the 
analysis.76 Both studies showed that frailty increased with age in 
C57BL/6 mice.75,76 When both the frailty index and frailty pheno‐
type methods were compared in aging C57BL/6 mice, the frailty 
index approach identified more mice as frail than the phenotype 
approach.77

A different approach to study frailty in mouse models is to use 
mice that are genetically manipulated to reflect mechanisms be‐
lieved to be important in frailty. As inflammation is thought to play 
an important role in frailty, mice with knockout of the anti‐inflam‐
matory cytokine IL‐10 have been used to model frailty.78 These an‐
imals exhibit reduced activity and muscle strength at an earlier age 
than C57BL/6 controls.78,79 They also show higher overall mortality 
along with elevated levels of pro‐inflammatory cytokines (eg, IL‐6, 
IL‐1ß, TNF‐α, and interferon‐γ [IFN‐γ]80). More recently, Cu/Zn su‐
peroxide dismutase knockout mice (Sod1KO) have been proposed 
as a model of frailty. Cu/Zn superoxide dismutase is a major antiox‐
idant enzyme found in the mitochondria of most cells and Sod1KO 
mice exhibit accelerated aging.81 These mice also show loss of mus‐
cle mass, weakness, low physical activity, and reduced endurance,82 
which is consistent with the frailty phenotype. In addition, Sod1KO 
mice show the same pro‐inflammatory profile as the IL‐10 knockout 
mice.83 While both of these models are potentially interesting mod‐
els of frailty, frailty itself has not been measured in either model.

3.2 | Models of frailty in other animals

Frailty assessment tools have also recently been developed for use 
in aging rats. For instance, the simplified mouse frailty index tool71 
has been adapted for use in aging rats.84 This instrument measures 

the accumulation of age‐related health deficits that are specifically 
seen in aging rats. Results show that frailty index scores increase 
with age and predict mortality in rats,84 as seen in earlier studies 
in mice. The frailty phenotype method has also been validated in 
aging rats, using performance on four criteria: grip strength, walking 
speed, physical activity, and endurance.85 This work shows that, as in 
the mouse model, high frailty phenotype scores predict mortality.85 
A frailty phenotype approach has also recently been developed for 
use in dogs based on five components: chronic undernutrition, ex‐
haustion, low physical activity level, poor mobility, and weakness.86 
This tool was used in a large cohort of aging guide dogs and a posi‐
tive relationship between signs of frailty and mortality was seen.86 
It would also be of interest to develop a frailty index tool for use in 
dogs.

4  | MECHANISMS OF FR AILT Y IN ANIMAL 
MODEL S

Even though the newly developed animal models of frailty are 
well suited to mechanistic investigations, work in this area is lim‐
ited. There is some evidence that, as in frail humans, levels of the 
pro‐inflammatory cytokine IL‐6 are elevated in the IL‐10 knockout 
model compared to control mice.78 Several other pro‐inflammatory 
cytokines (eg, IL‐1β, tumor necrosis factor‐α, and IFN‐γ) are also 
elevated in these mice,80 but whether this is simply a result of the 
absence of IL‐10 in this model is not known. Other work has shown 
that serum levels of various pro‐inflammatory cytokines (eg, IL‐6, 
IL‐9, IL‐12p40, and IFN‐γ) are increased in naturally aging mice with 
high frailty index scores.87 Thus, there is evidence from preclinical 
studies that chronic inflammation may play a role in the development 
of frailty but more work in this area is clearly required.

5  | INTERVENTIONS TO AT TENUATE 
FR AILT Y

The recent development of non‐invasive frailty assessment tools in 
animal models allows cross‐sectional and longitudinal testing of in‐
terventions designed to attenuate frailty. Studies conducted to date 
include both pharmacological and non‐pharmacological interven‐
tions, as discussed in the following sections.

5.1 | Pharmacological interventions

The first study to investigate beneficial effects of drug treatment on 
frailty explored the effect of resveratrol treatment on frailty index 
scores in aging mice.88 Resveratrol was selected as the initial phar‐
maceutical intervention because it prolongs lifespan in many mod‐
els.89 It also reduces risk of acute coronary artery disease,90 acts as a 
chemoprotective agent,91 and is at least partially neuroprotective.92 
Importantly, 6 months of treatment with resveratrol reduces frailty 
index scores in C57BL/6 mice.88 A more recent study investigated 
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the effects of the angiotensin converting enzyme (ACE) inhibitor, 
enalapril, on frailty index scores in mice.93 An ACE inhibitor was used 
because it is known to reduce inflammation as well as increase skel‐
etal muscle strength and mass.93 Results showed that frailty index 
scores were markedly reduced in aged mice treated with enalapril 
for up to 9 months when compared to untreated controls. These 
beneficial effects of ACE inhibitor treatment were mediated, at least 
in part, by effects on pro‐ and anti‐inflammatory cytokines.93

5.2 | Non‐pharmacological interventions

The influence of exercise on frailty has also been explored in ani‐
mal models. Graber et al94 were the first group to investigate the 
influence of voluntary exercise on frailty in aging mice. They used 
a frailty phenotype approach and showed that 4 months of vol‐
untary wheel running exercise improved frailty in very old mice 
(28‐30	months).94 This work was extended by Gomez‐Cabrera 
et al,76 who used the frailty phenotype in a larger cohort of mice. 
They reported that long‐term voluntary aerobic exercise (wheel 
running) attenuated the development of frailty in mice from 17 
to	28	months	of	age.76 Another approach explored high‐intensity 
interval training, consisting of 10‐minute uphill treadmill sessions 
three times per week for 16 weeks.95 Results show that high‐in‐
tensity interval training reduces frailty phenotype scores in aging 
mice.95 Taken together, these studies demonstrate that exercise 
reduces frailty levels in aging mice and suggest that even brief pe‐
riods of training may be beneficial.

Calorie restriction is another intervention that has been clearly 
shown to extend lifespan.96 Therefore, the impact of calorie restric‐
tion on frailty has been investigated. Mice subjected to calorie re‐
striction (40% of ad libitum food starting at 6 months of age) have 
lower frailty index scores than mice fed ad libitum, at least with 
respect to male animals.88 The effect of calorie restriction on the 
frailty phenotype has been assessed in aging rats.97 There, rats were 
subjected to calorie restriction (60% of ad libitum food starting at 
6 months of age). Results clearly showed that calorie restriction also 
delayed the development of frailty in the rats.97 Taken together, 
these studies provide convincing evidence that lifestyle modifica‐
tions, namely diet and exercise, can modulate the degree of frailty 
in aging animals.

6  | SUMMARY AND FUTURE DIREC TIONS

The biology of frailty is an exciting emerging field of inquiry. The 
advent of new tools to quantify frailty in humans has begun to high‐
light different mechanisms that may play a role in the development 
of frailty in older adults. The translation of these tools to animal 
models promises to further advance our understanding of frailty 
mechanisms, as well as interventions to mitigate frailty. These new 
preclinical models of frailty will allow us to investigate fundamental 
questions about the nature of frailty and how to modify it in the 
setting of aging.

ACKNOWLEDG MENTS

This work was supported by grants from the Canadian Institutes of 
Health Research (S.E.H.: MOP 97973; PGT 155961).

ORCID

Susan E. Howlett  https://orcid.org/0000‐0001‐5351‐6308 

R E FE R E N C E S

 1. United Nations, Department of Economic and Social Affairs, 
Population Division (2017). World Population Prospects: The 
2017 Revision, Online Demographic Profiles. Available from 
United Nations website. https://population.un.org/wpp/Graphs/
DemographicProfiles/. Accessed January 6, 2019.

 2. Collard RM, Boter H, Schoevers RA, Oude Voshaar RC. Prevalence 
of frailty in community‐dwelling older persons: a systematic review. 
J Am Geriatr Soc.	2012;60(8):1487‐1492.

 3. Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K. Frailty in el‐
derly people. Lancet.	2013;381(9868):752‐762.

 4. Bouillon K, Kivimaki M, Hamer M, et al. Measures of frailty in pop‐
ulation‐based studies: an overview. BMC Geriatr. 2013;13:64.

 5. Theou O, Sluggett JK, Bell JS, et al. Frailty, hospitalization, and 
mortality in residential aged care. J Gerontol A Biol Sci Med Sci. 
2018;73(8):1090‐1096.

 6. Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: evi‐
dence for phenotype. J Gerontol A Biol Sci Med Sci. 2001;56(3):M14
6‐M156.

 7. Mitnitski AB, Mogilner AJ, Rockwood K. Accumulation of defi‐
cits as a proxy measure of aging. ScientificWorldJournal. 2001;1: 
323‐336.

	 8.	 Mitnitski	AB,	Graham	JE,	Mogilner	AJ,	Rockwood	K.	Frailty,	fitness	
and late‐life mortality in relation to chronological and biological 
age. BMC Geriatr. 2002;2:1.

 9. Rockwood K, Song X, MacKnight C, et al. A global clinical measure 
of fitness and frailty in elderly people. CMAJ.	2005;173(5):489‐495.

 10. Song X, Mitnitski A, Rockwood K. Prevalence and 10‐year out‐
comes of frailty in older adults in relation to deficit accumulation. J 
Am Geriatr Soc.	2010;58(4):681‐687.

 11. Rockwood K, Mitniski A. Frailty defined by deficit accumula‐
tion and geriatric medicine defined by frailty. Clin Geriatr Med. 
2011;27(1):17‐26.

 12. López‐Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The 
hallmarks of aging. Cell. 2013;153(6):1194‐1217.

 13. Kennedy BK, Berger SL, Brunet A, et al. Geroscience: linking aging 
to chronic disease. Cell. 2014;159(4):709‐713.

 14. Franceschi C, Bonafè M, Valensin S, et al. Inflamm‐aging: an evo‐
lutionary perspective on immunosenescence. Ann N Y Acad Sci. 
2000;908:244‐254.

 15. Xia S, Zhang X, Zheng S, et al. An update on inflamm‐aging: 
mechanisms, prevention, and treatment. J Immunol Res. 
2016;2016:8426874.

 16. Forsey RJ, Thompson JM, Ernerudh J, et al. Plasma cytokine pro‐
files in elderly humans. Mech Ageing Dev.	2003;124:487‐493.

 17. Yao X, Li H, Leng SX. Inflammation and immune system alterations 
in frailty. Clin Geriatr Med.	2011;27:79‐87.

	18.	 Soysal	P,	Stubbs	B,	Lucato	P,	et	al.	 Inflammation	and	frailty	 in	the	
elderly: a systematic review and meta‐analysis. Ageing Res Rev. 
2016;31:1‐8.

 19. Van Epps P, Oswald D, Higgins PA, et al. Frailty has a stronger asso‐
ciation with inflammation than age in older veterans. Immun Ageing. 
2016;13:27.

https://orcid.org/0000-0001-5351-6308
https://orcid.org/0000-0001-5351-6308
https://population.un.org/wpp/Graphs/DemographicProfiles/
https://population.un.org/wpp/Graphs/DemographicProfiles/


     |  33BISSET and HOWLETT

 20. Roubenoff R, Parise H, Payette HA, et al. Cytokines, insulin‐like 
growth factor 1, sarcopenia, and mortality in very old community‐
dwelling men and women: the Framingham Heart Study. Am J Med. 
2003;115:429‐435.

 21. Lio D, Scola L, Crivello A, et al. Gender‐specific association between 
−1082	IL‐10	promoter	polymorphism	and	 longevity.	Genes Immun. 
2002;3(1):30‐33.

 22. Welsh P, Murray HM, Ford I, et al. Circulating interleukin‐10 and risk 
of cardiovascular events: a prospective study in the elderly at risk. 
Arter Thromb Vasc Biol.	2011;31(10):2338‐2344.

 23. Leng SX, Yang H, Walston JD. Decreased cell proliferation and al‐
tered cytokine production in frail older adults. Aging Clin Exp Res. 
2004;16(3):249‐252.

 24. Sharpless NE, DePinho RA. How stem cells age and why this makes 
us grow old. Nat Rev Mol Cell Biol.	2007;8(9):703‐713.

 25. Holliday R. The commitment of human cells to senescence. 
Interdiscip Top Gerontol. 2014;39:1‐7.

 26. LeBrasseur NK, Tchkonia T, Kirkland JL. Cellular senescence and 
the biology of aging, disease, and frailty. Nestle Nutr Inst Workshop 
Ser.	2015;83:11‐18.

 27. Kirkland JL, Tchkonia T, Zhu Y, Niedernhofer LJ, Robbins PD. 
The clinical potential of senolytic drugs. J Am Geriatr Soc. 
2017;65(10):2297‐2301.

	28.	 Von	 Zglinicki	 TV,	 Bürkle	 A,	 Kirkwood	 TBL.	 Stress,	 DNA	 dam‐
age and ageing: an integrative approach. Exp Gerontol. 
2001;36(7):1049‐1062.

 29. Valavanidis A, Vlachogianni T, Fiotakis K. Tobacco smoke: involve‐
ment of reactive oxygen species and stable free radicals in mech‐
anisms of oxidative damage, carcinogenesis and synergistic effects 
with other respirable particles. Int J Environ Res Public Health. 
2009;6(2):445‐462.

 30. Loft S, Poulsen HE. Cancer risk and oxidative DNA damage in man. 
J Mol Med. 1996;74(6):297‐312.

 31. Viña J, Salvador‐Pascual A, Tarazona‐Santabalbina FJ, Rodriguez‐
Mañas L, Gomez‐Cabrera MC. Exercise training as a drug to treat 
age associated frailty. Free Radic Biol Med.	2016;98:159‐164.

 32. Turner KJ, Vasu V, Griffin DK. Telomere biology and human pheno‐
type. Cells.	2019;8(1):73.

 33. Armanios M. Syndromes of telomere shortening. Annu Rev Genomics 
Hum Genet. 2009;10:45‐61.

 34. Woo J, Tang NL, Suen E, Leung JC, Leung PC. Telomeres and frailty. 
Mech Ageing Dev.	2008;129(11):642‐648.

 35. Lorenzi M, Bonassi S, Lorenzi T, Giovannini S, Bernabei R, Onder G. 
A review of telomere length in sarcopenia and frailty. Biogerontology. 
2018;19(1):209‐221.

 36. Argilés JM, Busquets S, Stemmler B, López‐Soriano FJ. Cachexia 
and sarcopenia: mechanisms and potential targets for intervention. 
Curr Opin Pharmacol. 2015;22:100‐106.

 37. Evans WJ, Paolisso G, Abbatecola AM, et al. Frailty and mus‐
cle metabolism dysregulation in the elderly. Biogerontology. 
2010;11(5):527‐536.

	38.	 Cruz‐Jentoft	 AJ,	 Kiesswetter	 E,	 Drey	 M,	 Sieber	 CC.	 Nutrition,	
frailty, and sarcopenia. Aging Clin Exp Res.	2017;29(1):43‐48.

 39. Cesari M, Landi F, Vellas B, Bernabei R, Marzetti E. Sarcopenia and 
physical frailty: two sides of the same coin. Front Aging Neurosci. 
2014;6:192.

 40. Morley JE, Silver AJ. Anorexia in the elderly. Neurobiol Aging. 
1998;9(1):9‐16.

 41. Pilgrim AL, Robinson SM, Sayer AA, Roberts HC. An overview of 
appetite decline in older people. Nurs Older People. 2015;27(5): 
29‐35.

 42. Agarwal E, Miller M, Yaxley A, Isenring E. Malnutrition in the el‐
derly: a narrative review. Maturitas. 2013;76(4):296‐302.

 43. Martone AM, Onder G, Vetrano DL, et al. Anorexia of aging: a mod‐
ifiable risk factor for frailty. Nutrients. 2013;5(10):4126‐4133.

 44. Dimitriadis G, Mitrou P, Lambadiari V, Maratou E, Raptis SA. 
Insulin effects in muscle and adipose tissue. Diabetes Res Clin Pract. 
2011;93(suppl 1):S52‐S59.

 45. Rossetti ML, Steiner JL, Gordon BS. Androgen‐mediated reg‐
ulation of skeletal muscle protein balance. Mol Cell Endocrinol. 
2017;447:35‐44.

 46. Horstman AM, Dillon EL, Urban RJ, Sheffield‐Moore M. The role of 
androgens and estrogens on healthy aging and longevity. J Gerontol 
A Biol Sci Med Sci. 2012;67(11):1140‐1152.

 47. Cappola AR, Xue QL, Fried LP. Multiple hormonal deficiencies in ana‐
bolic hormones are found in frail older women: the Women's Health 
and Aging studies. J Gerontol A Biol Sci Med Sci.	2009;64(2):243‐248.

	48.	 Maggio	M,	Lauretani	F,	Ceda	GP,	et	al.	Relationship	between	 low	
levels of anabolic hormones and 6‐year mortality in older men: 
the aging in the Chianti Area (InCHIANTI) study. Arch Intern Med. 
2007;167(20):2249‐2254.

 49. Kaushik S, Cuervo AM. Proteostasis and aging. Nat Med. 
2015;21(12):1406‐1415.

 50. Nandi D, Tahiliani P, Kumar A, Chandu D. The ubiquitin‐proteasome 
system. J Biosci. 2006;31(1):137‐155.

 51. Gaczynska M, Osmulski PA, Ward WF. Caretaker of under‐
taker? The role of the proteasome in aging. Mech Aging Dev. 
2001;122(3):235‐254.

 52. Saez I, Vilchez D. The mechanistic links between proteasome activ‐
ity, aging and age‐related diseases. Curr Genomics.	2014;15(1):38‐51.

 53. Athanasopoulou S, Chondrogianni N, Santoro A, et al. Beneficial 
effects of elderly tailored mediterranean diet on the proteasomal 
proteolysis. Front Physiol.	2018;9:457.

 54. Ritz‐Timme S, Collins MJ. Racemization of aspartic acid in human 
proteins. Ageing Res Rev. 2002;1(1):43‐59.

 55. Truscott RJW, Schey KL, Friedrich MG. Old proteins in man: a field 
in its infancy. Trends Biochem Sci.	2016;41(8):654‐664.

 56. Toyama BH, Savas JN, Park SK, et al. Identification of long‐lived 
proteins reveals exceptional stability of essential cellular struc‐
tures. Cell.	2013;154(5):971‐982.

 57. Jung M, Pfeifer GP. Aging and DNA methylation. BMC Biol. 
2015;13:7.

	58.	 Gensous	 N,	 Bacalini	MG,	 Pirazzini	 C,	 et	 al.	 The	 epigenetic	 land‐
scape of age‐related diseases: the geroscience perspective. 
Biogerontology.	2017;18(4):549‐559.

 59. Bellizzi D, D'Aquila P, Montesanto A, et al. Global DNA meth‐
ylation in old subjects is correlated with frailty. Age (Dordr). 
2011;34(1):169‐179.

 60. Collerton J, Gautrey HE, van Otterdijk SD, et al. Acquisition of 
aberrant DNA methylation is associated with frailty in the very 
old:	 findings	 from	 the	 Newcastle	 85+	 Study.	 Biogerontology. 
2014;15(4):317‐328.

 61. Horvath S, Raj K. DNA methylation‐based biomarkers and the epi‐
genetic clock theory of ageing. Nat Rev Genet.	2018;19(6):371‐384.

 62. Horvath S. DNA methylation age of human tissues and cell types. 
Genome Biol. 2013;14(10):R115.

 63. Roetker NS, Pankow JS, Bressler J, Morrison AC, Boerwinkle E. 
Prospective study of epigenetic age acceleration and incidence of 
cardiovascular disease outcomes in ARIC study (Atherosclerosis 
Risk in Communities). Circ Genom Precis Med.	2018;11(3):e002089.

 64. Breitling LP, Saum KU, Perna L, Schottker B, Holleczek B, Brenner 
H. Frailty is associated with the epigenetic clock but not with telo‐
mere length in a German cohort. Clin Epigenetics.	2016;8:21.

 65. Gale CR, Marioni RE, Harris SE, Starr JM, Deary IJ. DNA methylation 
and the epigenetic clock in relation to physical frailty in older peo‐
ple: the Lothian Birth Cohort 1936. Clin Epigenetics.	2018;10(1):101.

 66. Kojima G, Iliffe S, Walters K. Smoking as a predictor of frailty: a 
systematic review. BMC Geriatr. 2015;15:131.

 67. Woo J, Goggins W, Sham A, Ho SC. Social determinants of frailty. 
Gerontology.	2005;51(6):402‐408.



34  |     BISSET and HOWLETT

	68.	 Theou	 O,	 Brothers	 TD,	 Rockwood	 MR,	 Haardt	 D,	 Mitnitski	 A,	
Rockwood K. Exploring the relationship between national eco‐
nomic indicators and relative fitness and frailty in middle‐aged and 
older Europeans. Age Ageing. 2013;42(5):614‐619.

 69. Banga S, Heinze‐Milne SD, Howlett SE. Rodent models of frailty 
and their application in preclinical research. Mech Ageing Dev. 
2019;179:1‐10.

 70. Parks RJ, Fares E, Macdonald JK, et al. A procedure for creating a 
frailty index based on deficit accumulation in aging mice. J Gerontol 
A Biol Sci Med Sci. 2012;67(3):217‐227.

 71. Whitehead JC, Hildebrand BA, Sun M, et al. A clinical frailty index in 
aging mice: comparison with frailty index data in humans. J Gerontol 
A Biol Sci Med Sci. 2014;69(6):621‐632.

 72. Feridooni HA, Sun MH, Rockwood K, Howlett SE. Reliability of a 
frailty index based on the clinical assessment of health deficits in 
male C57BL/6J mice. J Gerontol.	2015;70(6):686‐693.

 73. Kane AE, Ayaz O, Ghimire A, Feridooni HA, Howlett SE. 
Implementation of the mouse frailty index. Can J Physiol Pharmacol. 
2017;95(10):1149‐1155.

 74. Rockwood K, Blodgett JM, Theou O, et al. A frailty index based 
on deficit accumulation quantifies mortality risk in humans and in 
mice. Sci Rep.	2017;7:43068.

 75. Liu H, Graber TG, Ferguson‐Stegall L, Thompson LV. Clinically 
relevant frailty index for mice. J Gerontol A Biol Sci Med Sci. 
2014;69(12):1485‐1491.

 76. Gomez‐Cabrera MC, Garcia‐Valles R, Rodriguez‐Mañas L, et al. A 
new frailty score for experimental animals based on the clinical 
phenotype: inactivity as a model of frailty. J Gerontol A Biol Sci Med 
Sci.	2017;72(7):885‐891.

 77. Kane AE, Huizer‐Pajkos A, Mach J, et al. A comparison of two 
mouse frailty assessment tools. J Gerontol A Biol Sci Med Sci. 
2017;72(7):904‐909.

	78.	 Walston	 J,	 Fedarko	N,	 Yang	H,	 et	 al.	 The	 physical	 and	 biological	
characterization of a frail mouse model. J Gerontol A Biol Sci Med Sci. 
2008;63(4):391‐398.

 79. Sikka G, Miller KL, Steppan J, et al. Interleukin 10 knockout frail 
mice develop cardiac and vascular dysfunction with increased age. 
Exp Gerontol.	2012;48(2):128‐135.

	80.	 Ko	 F,	 Yu	 Q,	 Xue	 QL,	 et	 al.	 Inflammation	 and	 mortality	 in	 a	 frail	
mouse model. Age (Dordr). 2012;34(3):705‐715.

	81.	 Sentman	 ML,	 Granström	 M,	 Jakobson	 H,	 Reaume	 A,	 Basu	 S,	
Marklund SL. Phenotypes of mice lacking extracellular superoxide 
dismutase and copper‐and zinc‐ containing superoxide dismutase. J 
Biol Chem	2005;281(11):6904‐6909.

	82.	 Muller	FL,	Song	W,	Liu	Y,	et	al.	Absence	of	CuZn	superoxide	dismutase	
leads to elevated oxidative stress and acceleration of age‐dependent 
skeletal muscle atrophy. Free Radica Biol Med. 2006;40(11):1993‐2004.

	83.	 Deepa	 SS,	 Bhaskaran	 S,	 Espinoza	 S,	 et	 al.	 A	 new	 mouse	 model	
of frailty: the Cu/Zn superoxide dismutase knockout mouse. 
GeroScience.	2017;39(2):187‐198.

	84.	 Yorke	 A,	 Kane	 AE,	 Friesen	 CLH,	 Howlett	 SE,	 O'Blenes	 S.	
Development of a rat clinical frailty index. J Gerontol A Biol Sci Med 
Sci.	2017;72(7):897‐903.

	85.	 Miller	 MG,	 Thangthaeng	 N,	 Shukitt‐Hale	 B.	 A	 clinically	 rele‐
vant frailty index for aging rats. J Gerontol A Biol Sci Med Sci. 
2017;72(7):892‐896.

	86.	 Hua	J,	Hoummady	S,	Muller	C,	et	al.	Assessement	of	frailty	in	aged	
dogs. Am J Vet Res. 2016;77(12):1357‐1365.

	87.	 Kane	AE,	 Keller	 KM,	Heinze‐Milne	 S,	Grandy	 SA,	Howlett	 SE.	 A	
murine frailty index based on clinical and laboratory measure‐
ments: links between frailty and pro‐inflammatory cytokines differ 
in a sex‐specific manner. J Gerontol A Biol Sci Med Sci.	2018;74(3): 
275‐282.

	88.	 Kane	AE,	Hilmer	SN,	Boyer	D,	et	al.	Impact	of	longevity	interven‐
tions on a validated mouse clinical frailty index. J Gerontol A Biol Sci 
Med Sci. 2016;71(3):333‐339.

	89.	 Bhullar	KS,	Hubbard	BP.	Lifespan	and	healthspan	extension	by	res‐
veratrol. Biochim Biophys Acta.	2015;1852(6):1209‐1218.

 90. Rotondo S, Rajtar G, Manarini S, et al. Effect of trans‐resveratrol, 
in a natural polyphenolic compound, on human polymorphonuclear 
leukocyte function. Br J Pharmacol.	1998;123(8):1691‐1699.

 91. Jang M, Cai L, Udeani GO, et al. Cancer chemopreventive activ‐
ity of resveratrol, a natural product derived from grapes. Science. 
1997;275(5297):218‐220.

 92. Virgili M, Contestabile A. Partial neuroprotection of in vivo ex‐
citotoxic brain damage by chronic administration of the red 
wine antioxidant agent, trans‐resveratrol in rats. Neurosci Lett. 
2000;281(2–3):123‐126.

 93. Keller K, Kane A, Heinze‐Milne S, Grandy SA, Howlett SE. Chronic 
treatment with the ACE inhibitor Enalapril attenuates the devel‐
opment of frailty and differentially modified the pro‐ and anti‐in‐
flammatory cytokines in aging male and female C57BL/6 mice. J 
Gerontol A Biol Sci Med Sci	2018.	https://doi.org/10.1093/gerona/
gly219

 94. Graber TG, Ferguson‐Stegall L, Liu H, Thompson LV. Voluntary aer‐
obic exercise reverses frailty in old mice. J Gerontol A Biol Sci Med 
Sci.	2015;70(9):1045‐1058.

 95. Seldeen KL, Lasky G, Leiker MM, Pang M, Personius KE, Troen 
BR. High intensity interval training improves physical perfor‐
mance and frailty in aged mice. J Gerontol A Biol Sci Med Sci. 
2018;73(4):429‐437.

 96. Pan H, Finkel T. Key proteins and pathways that regulate lifespan. J 
Biol Chem. 2017;292(16):6452‐6460.

 97. Todorovic ST, Smiljanic KR, Ruzdijic SD, Djordjevic ANM, Kanazir 
SD. Effects of different dietary protocols on general activity and 
frailty of male Wistar rats during aging. J Gerontol A Biol Sci Med Sci. 
2018;73(8):1036‐1044.

How to cite this article: Bisset ES, Howlett SE. The biology of 
frailty in humans and animals: Understanding frailty and 
promoting translation. Aging Med. 2019;2:27–34. https://doi.
org/10.1002/agm2.12058

https://doi.org/10.1093/gerona/gly219
https://doi.org/10.1093/gerona/gly219
https://doi.org/10.1002/agm2.12058
https://doi.org/10.1002/agm2.12058

