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Abstract: The ethical, logistical, and biological complications of working with an older
population of people inherently limits clinical studies of frailty. The recent development of
animal models of frailty, and tools for assessing frailty in animal models provides an invaluable
opportunity for frailty research. This review summarizes currently published animal models of
frailty including the interleukin-10 knock-out mouse, the mouse frailty phenotype assessment
tool, and the mouse clinical frailty index. It discusses both current and potential roles of these
models in research into mechanisms of frailty, interventions to prevent/delay frailty, and the
effect of frailty on outcomes. Finally, this review discusses some of the challenges and oppor-
tunities of translating research findings from animals to humans.
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Introduction

Frailty is a state of high vulnerability for adverse health outcomes which reduces
capacity to react to stressors.! It is estimated that 25%—50% of those aged over 85 years
are frail.! Those who are frail have a significantly reduced quality of life, as well as
being the largest users of health care services representing a large socioeconomic
cost.? Clinical studies of frailty are inherently limited by the ethical, logistical, and
biological complications of working with an older, more dependent, and heteroge-
neous population of people. There has been some clinical research into frailty, but
there are still many unanswered questions. In particular, the mechanisms of frailty
development, how, when, and which interventions may be effective, and the specifics
of how frailty changes risks/outcomes are still not known. One of the reasons may be
that until recently, there were no animal models of frailty. The recent development of
several animal models of frailty is helping answer these questions.

This review briefly summarizes the importance and limitations of clinical frailty
research, describes available animal models of frailty, and discusses both current and
potential roles of these models in research into 1) mechanisms of frailty, 2) interven-
tions to prevent/delay frailty, and 3) the effect of frailty on outcomes including surgical
and medical treatments. Finally, this review discusses some of the challenges and
opportunities of translating research findings from animals to humans.

Frailty in humans

Frailty assessment in humans

Clinically, frailty is measured and conceptualized in several different ways. It is gener-
ally considered a state of high vulnerability for adverse health outcomes and a reduced
capacity to react to stressors.! It can be assessed using a number of scales with varying
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degrees of difficulty, clinical applicability, and different
underlying philosophies.* Two of the most commonly used
frailty assessment tools are the phenotype model and the
frailty index (FI). The phenotype model was developed by
Fried et al* and conceptualizes frailty as a functional pheno-
type that categorizes someone as robust, pre-frail, or frail.
This tool assesses frailty based on patients’ poor functional
performance in 5 criteria — weight loss, exhaustion, weakness,
slow walking speed, and low physical activity.* If patients
have 3 or more of these criteria, they are considered frail; if
they have 1 or 2, they are considered pre-frail; and if they
have none, they are considered robust.* By contrast, the FI,
as developed by Rockwood and colleagues,’ conceptualizes
frailty as a multidimensional syndrome. It measures frailty by
counting the number of health-related deficits accumulated
by a person over his/her lifetime and focuses on the number
of deficits rather than their nature.®” An FI score is calculated
by summing the deficits a person displays across a variety
of systems (eg, symptoms, laboratory results, diseases, and
activities of daily living) and dividing by the maximum
number of possible deficits. A higher FI score indicates a
greater degree of frailty.”

Clinical frailty research

There is very little current understanding about the molecular
basis of frailty, its development, and its mechanistic asso-
ciation with aging. The most common hypotheses about
the pathophysiology of frailty are inflammatory cytokine
dysregulation,®® mitochondrial dysregulation,'® and general
immunosenescence,® although it is likely that frailty involves
a combination of physiological factors.!" There has been
some recent clinical research into biomarkers of frailty, but
the results have been conflicting.'® Despite a current focus on
research into interventions to prevent, delay, or treat the onset
of frailty, very little is known as the results of clinical studies
have generally been inconclusive.'?!¢ Clinical studies of the
effect of frailty on pharmacological and surgical outcomes,
as well as outcomes following illness or other stressors, are
limited. Pharmacological changes in frailty have not been
extensively studied, and very little is known about drug
dosing optimization or toxicity risk in frailty.!”'® Frailty is
generally associated with poor outcomes following non-
pharmacological interventions such as surgery,' but there is
little research into exactly how to manage and assess the risk
of interventions in the frail population. Given the growing
problem of frailty, it is important that we understand more
about the mechanisms of frailty development, potential frailty
interventions, and the effect of frailty on clinical outcomes.

Challenges and limitations of clinical

studies of frailty

One of the main reasons for the lack of clinical studies on
frailty is the inherent limitations of research in this popula-
tion. Observational studies are limited by the heterogeneity
of the older and frail populations, and randomized clinical
trials are both logistically and ethically difficult.’ Nonethe-
less, the available information suggests that it is extremely
important to consider, assess, and understand frailty in a
clinical setting. Although clinical studies are beginning to
understand frailty, there is still a real lack of evidence to
guide clinicians in identifying, assessing, and dealing with
frailty.!" Preclinical animal studies provide opportunities to
provide this empirical evidence. In particular, animal studies
can help us understand the mechanisms of frailty to identify
potential biomarkers and explore interventions to modulate
frailty. Furthermore, animal studies can help us understand
changes in clinically relevant outcomes with frailty including
responses to medical and surgical stressors.

Animal models of frailty

Animal models of aging have been used for decades to
investigate both the underlying mechanisms of aging and
interventions to increase lifespan and healthspan.?! The
relatively short lifespans, reduced genetic diversity, control
of environmental factors, and the ability to test a variety of
outcomes including stress responses, metabolic outcomes,
behavioral and functional assessments, and serum, urine, and
tissue analysis make animal models invaluable tools in the
study of aging.?! There has been a recent focus on developing
animal models of frailty?* to explore mechanisms, interven-
tions, and outcomes associated with frailty. These models
have the same advantages as aging models. The currently
available preclinical models of frailty are summarized in
Table 1, and discussed as follows.

Transgenic mouse models of frailty

Interleukin (IL)-10 homozygous knock-out (KO) mice
(IL-10™) were developed as a model of colitis but were
identified as showing a frail phenotype including inflamma-
tion and reduced muscle strength.” The IL-10 KO mouse
produces no IL-10, an anti-inflammatory cytokine, which
results in a chronic inflammatory state via the increased
expression of inflammatory mediators induced by nuclear
factor-kappa B.?* Given this, Walston et al hypothesized that
these transgenic mice may be used as a model of frailty.” In a
cohort of age-matched female C57BL/6 mice and IL-10™m
mice, they assessed mouse strength, activity, and weight
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Does not include a cognitive

assessment aspect

Convenient, fast,

Frailty index®

31 “clinical” items

Male and female
C57BL/6 mice

Mouse clinical frailty

index

Whitehead et al®

noninvasive measures

Invasive procedure and time-
consuming measurements

Combined score reduces

Sarcopenia in frailty**

Functional assessment — rotarod and

Male C57BL/6

mice

C57BL/6 neuromuscular

Graber et al*

individual variability within

grip strength

healthspan-scoring

groups

In vitro muscle contractility

system

Time-consuming measurements,

Noninvasive assessments.

Frailty phenotype*

Rotarod, grip strength, voluntary wheel

Male C57BL/6

mice

Frailty phenotype index

Liu et al*®

and includes factor calculated

Provides a cut-off to assess

running, and derived endurance score

from other factors

mice as frail or non-frail

Abbreviations: IL-10, interleukin-10; N/A, not applicable.

longitudinally, and measured serum IL-6 levels, and skeletal
muscle gene expression at 8 and 50 weeks of age.” They
found that IL-10 KO mice had a faster decline in strength
with age, and higher serum levels of the pro-inflammatory
cytokine IL-6 at 50 weeks of age, than wild-type mice.
There were also changes in the IL-10"™ mice in the skeletal
muscle expression profiles of the genes related to apoptosis
and mitochondria.’ These changes in strength and inflam-
matory serum markers are consistent with changes seen in
frail humans.*** However, the mice do not appear to show
all aspects of the frail phenotype as there was no difference
between mouse groups in weight, activity level, or mortality
up to 18 months.’

The characterization and validation of this mouse frailty
model was continued by Ko et al.>> Male and female C57BL/6
and IL-10"™"™ mice were followed for up to 100 weeks, and
mortality was investigated. Higher mortality was seen for
both male and female IL-10""™ mice compared to controls,
with log-rank analysis of Kaplan—Meier survival curves.
They further investigated the inflammatory pathways and
serum insulin-like growth factor-1 (IGF-1) levels in a cohort
of these female mice. Serum cytokine levels were higher
across female KO mice of almost all age groups compared
to wild-types. Interestingly, the increase in IGF-1 was only
seen in middle-aged mice, although the relationship between
IGF-1 and age was significantly different across female
IL-10"" and wild-type mice. The authors concluded that
these findings support the use of the IL-10 KO mouse as a
model of frailty.?

There are limitations to using IL-10"" mice as a model
of frailty. These include the requirement for housing in
pathogen-free barrier conditions to prevent the development
of colitis, anemia, and early mortality.?® In addition, because
this is a transgenic mouse model, the translatability of find-
ings to the development of frailty in naturally aging humans
is unclear. Furthermore, there are some key elements of the
human phenotype assessment which are not observed or have
not yet been investigated* in these mice. These include no
observed change in weight or activity level in the transgenic
mice compared to controls, and a lack of investigation into
endurance and walking speed.’

It has not yet been investigated, but it is possible that
transgenic mouse models of premature aging such as the
Werner syndrome mice or the Hutchinson—Gilford mice?!
could also be used to investigate frailty. Biological changes
such as inflammation and sarcopenia, as well as the mouse
frailty phenotype and the mouse clinical FI could be easily
assessed in premature aging models resulting in faster and

Clinical Interventions in Aging 2016:1 |

submit your manuscript 1521
Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Kane et al

Dove

cheaper studies than those that use naturally aging mice.
However, the disadvantage of such models would be that it is
unclear whether the mechanisms of frailty and aging develop-
ment would be the same as those seen in natural aging.

Mouse clinical Fl

Our group was the first to develop a frailty assessment tool
for use in naturally aging mice.?”” We developed a mouse FI
assessment tool based on the deficit accumulation assess-
ment tools used in humans.>’ In a cohort of male and
female C57BL/6 mice (adult, 12 months; old, 30 months),
31 health-related variables were identified and measured.
These included activity measures such as movement velocity,
hemodynamic measurements, body composition, and basic
metabolism measurements. The results of these assessments
were coded as deficits based on the number of standard devia-
tions (SDs) from the mean reference values with more than
1 SD difference coded 0.25, and more than 4 SD difference
coded 1.0. The FI score is calculated by determining the
number of observed deficits, divided by the total number of
possible deficits.?” As with the human FI assessments,’ this
tool allows the calculation of a continuous FI score from
0 to 1, whereby a higher score indicates a greater degree of
frailty. We found that FI scores were higher in the old group
than the adult group, and that scores were similar in males
and females. We also found that age-related cardiac changes
including myocyte hypertrophy and lower peak contractions
were associated with increasing FI scores. The main limita-
tion of this assessment tool is the use of time-consuming and
specialized equipment, as well as invasive procedures like
blood sampling. We did conduct some preliminary investi-
gations into the use of an 8-item noninvasive FI including
7 activity measures plus mouse weight. We also found an
age-dependent increase in FI scores assessed with this tool,
and an association with cardiac myocyte hypertrophy.?’
Nevertheless, the heterogeneity increased dramatically as the
number of items in the FI decreased, supporting the need to
use more than 30 items as in human work.?

Whitehead et al® continued this work on the develop-
ment of a mouse FI. We developed a mouse clinical FI
which utilizes 31 simply assessed, and noninvasive, clini-
cal measures to quantify frailty in C57BL/6J mice. These
items cover a range of physiological systems including the
musculoskeletal system, the ocular system, and the digestive
system. We found a graded increase in FI scores from adult
(5 months), to old (19 months) and very old (28 months)
male and female C57BL/6 mice. The validity of this scale
was correlated against human FI data from the Survey of
Health, Aging and Retirement in Europe and was found

to have good agreement.” Furthermore, the rate at which
deficits accumulated in the mice was similar to that seen
clinically.*® We also compared the clinical 31-item index
with the 8-item performance-based index proposed by Parks
et al.”” We found that FI scores calculated with the 8-item
index were not different between 9 and 28 months of age in
mice, and that the 8-item FI did not correlate with the human
FI data. Based upon this data, we concluded that the 31-item
mouse clinical FI is a valuable tool for use in longitudinal
and interventional mouse aging and frailty studies. The main
limitation of this tool is that it does not assess all systems.
For example, it does not include a cognitive assessment item.
Furthermore, it has only been validated in C57BL/6 mice. We
do suggest, however, that other health-related deficits could
be easily added to the index, particularly for the assessment
of other mouse strains or species.?

Two studies have investigated the inter-rater reliability
of the mouse clinical FI. Feridooni et al*! compared FI
assessments of two independent raters for 233 older male
C57BL/6 mice (11.5-14 months). The mice were assessed
in 3 groups with discussion and refinement of assessment
descriptors between each group. We found that inter-rater
reliability increased over the study period as techniques
were discussed and refined, and that overall, there was high
(intra-class correlation coefficient [ICC] =0.77) inter-rater
reliability.>! Kane et al assessed inter-rater reliability between
raters for 3 mouse FI studies, and also found overall high
inter-rater reliability for the mouse clinical FI. We identified,
however, poor inter-rater reliability (ICC =0.201-0.489)
between raters of different professional backgrounds but
excellent inter-rater reliability (ICC =0.88) between raters
of the same background. We identify that care should be
taken in the selection of raters for this assessment.’? Taken
together, these data suggest that the mouse FI is a reliable,
convenient, and fast assessment tool that has great value as
a pre-clinical model of frailty.

Mouse frailty phenotype assessment

Graber et al** developed a neuromuscular healthspan-scoring
system (NMHSS) in male C57BL/6 mice. It was based on the
concept of sarcopenia development in old age and frailty,*
and the need for a composite assessment tool to assess the
contribution of this to healthspan. The score is calculated
from the summed scores of a mouse’s performance in the
rotarod and inverted-cling grip tests, plus an in vitro muscle
contractility assessment. In 3 groups of male C57BL/6 mice
(67 months, adult; 24-26 months, old; 28 months, elderly),
an age-related decline was seen in each of the functional
outcomes. Contractility of the extensor digitorum longus
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muscles, primarily assessed by peak tetanic force, also
declined with age. Although the combined NMHSS score
reduced the variability within age groups, which the authors
identify as a significant advantage in evaluating the effect
of interventions, there was no clear age effect on NMHSS,
with a decrease in mean score seen in the old, but not elderly
mouse groups.* This may have been a result of survivor bias.
Another limitation of this tool is the invasive and terminal
nature of the muscle contractility assessment, limiting the
use of this tool in longitudinal studies.

Based upon this work, Liu et al** developed a mouse
frailty assessment tool based on the human phenotype model
of frailty. This assessment tool assesses a mouse as frail
based on its grip strength (assessed with the inverted-cling
grip test), maximal walking speed (assessed by rotarod),
physical activity (assessed by voluntary wheel running),
and endurance (composite score of rotarod and grip strength
performance). As with the clinical phenotype assessment, a
mouse is defined as non-frail, mildly frail, or frail accord-
ing to its performance in these assessments. A cut-off value
which is 1.5 SD below the cohort mean is determined for
each assessment. A mouse with 3 or more criteria below this
cut-off'is considered frail, 2 criteria below the cut-off'is con-
sidered mildly frail, and less than 2 criteria is considered non-
frail. In a cohort of 11 (27-28 months) male C57BL/6 mice,
1 mouse was identified as frail, and 1 as mildly frail. The
authors concluded that this prevalence (9%) of frailty was
similar to that seen in a community-dwelling population of
humans of an equivalent age of 76-84 years,* although other
clinical studies identify much higher incidences of frailty for
that age group.'*° Other limitations include time-consuming
assessments and the requirement for specialized equipment,
potentially limiting its use in many laboratories, and in lon-
gitudinal studies. Furthermore, the criteria do not completely
mimic the human phenotype assessment as there is no weight
loss factor, and the endurance factor is calculated from 2 of
the other measured outcomes. The authors do identify that
other criterion could be used in this assessment, such as
treadmill running to exhaustion as an endurance measure.>
The addition of a weight loss factor, and a non-derived
endurance measure may improve the translatability of this
preclinical model.

Current and potential roles of animal
models of frailty in frailty research

Animal studies of mechanisms of frailty

Several studies have investigated mechanistic changes with
frailty in a variety of preclinical animal models of frailty
(Table 2). Firstly, Parks et al,”” in developing the mouse FI,

also looked at the association of physiological changes in
isolated cardiac myocytes with frailty. In aged (30 months)
male and female C57BL/6 mice, we found that cellular
changes including hypertrophy and reduced contraction size,
which had been traditionally associated with aging, were actu-
ally more closely associated with frailty.?” Clinically, there is
evidence that frailty is more common in those with cardiovas-
cular disease than those without, and those who are frail and
have cardiovascular disease have a worse prognosis than those
with the disease who are non-frail.*” Thus, understanding the
association between frailty and cardiac changes is extremely
important, and more preclinical studies of mechanisms of
cardiac changes in frailty would be of benefit.

Walston et al have completed several studies in the IL-10
KO mouse exploring mechanistic changes across several
physiological systems. In their early studies validating the
IL-10 KO mouse, they found apoptosis and mitochondrial
gene changes in skeletal muscle of the KO mice compared to
wild-type C57BL/6 mice.’ They also saw changes in serum
inflammatory cytokine levels.? Sikkaa et al*® investigated
cardiovascular changes in old (9 months) IL-10 KO mice
and found that KO mice had stiffer blood vessels, impaired
vascular relaxation, larger hearts, and contractile dysfunction
compared to wild-type mice. These changes confirm what
was seen at a cellular level by Parks et al?’ in a different
preclinical frailty model. Akki et al (2014) used the IL-10
KO mouse model and *'P magnetic resonance spectroscopy
to explore changes in adenosine triphosphate (ATP) kinetics
in skeletal muscle in vivo in frailty. They found lower rates
of ATP synthesis and reduced energy release from ATP
hydrolysis in old (23 months) male IL-10 KO mice compared
to wild-types. The authors suggest that, although this shows
that ATP energetic abnormalities occur in skeletal muscle in
this frail mouse model, it does not prove that muscle weak-
ness is caused by these changes.?* Ko et al continued work
on skeletal muscle changes in the IL-10 KO mice, using old
(22-24 months) female mice. They found reduced mitochon-
drial death signaling, altered formation of autophagosomes,
and higher levels of damaged mitochondria in skeletal muscle
of IL-10 KO mice compared to wild-types. These results
imply that there is impaired mitochondrial degradation in this
mouse model of frailty.** Overall, the studies in the IL-10
KO mouse model of frailty suggest interesting potentially
mechanistic changes. However, it is difficult to conclude
whether these changes are a result of frailty and/or chronic
inflammation, or whether they are a direct result of the lack
of IL-10 in the model. It would be interesting to complete
similar studies across a range of physiological systems in
mouse models of frailty in the context of natural aging.*-*
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Kane et al*! looked at the association of frailty with
potential biomarkers as a secondary outcome in a study of
acetaminophen toxicity using the mouse clinical FI. There
was a negative association between FI scores and serum
albumin, protein, and alkaline phosphatase in old male
C57BL/6 mice. Interestingly, similar observations have been
reported in humans.**** However, these findings need to be
confirmed in larger studies before conclusions can be made
about the use of these as serum biomarkers of frailty.*!

Although the mentioned studies have begun to look
at physiological and potentially mechanistic changes with
frailty, as well as biomarkers of frailty, there are many more
studies that can and should be done. For example, changes in
cardiovascular, inflammatory, and skeletal muscle systems
with frailty could be further explored. These animal models
of frailty, especially the tools that allow the quantification of
frailty in aging models, provide researchers with the ability to
look at the association of physiological changes across every
system with frailty, to try and understand the underlying
mechanisms of frailty. Furthermore, frailty can be included
as a factor in longitudinal animal investigations of age-related
changes and mechanisms, or geroscience investigations, to
understand the mechanisms of development of both aging
and frailty and their relationship.

Animal studies of interventions to delay/

treat/prevent frailty

Given the relatively new nature of tools that measure frailty
in animals, studies of interventions are very limited (Table 2).
A few studies have explored the effect of interventions on
other outcomes associated with frailty such as sarcopenia* or
activity,* but the focus of this review is on studies explicitly
assessing frailty.

Using the mouse frailty phenotype assessment, Graber
et al showed that 4 weeks of voluntary exercise reversed
frailty in old (28 months) male C57BL/6 mice.* Additionally,
exercise improved the mean endurance and walking speeds of
the intervention group compared to controls.* Furthermore,
they detected morphological changes in skeletal muscle
from the exercise group compared to controls, including
increased cross-sectional area and increased force. These
observations demonstrated that even short-term voluntary
exercise was able to improve functional aspects of the frailty
phenotype, although the small frail sample size made the
effect of the intervention on frailty difficult to determine.
Further studies on exercise as a potential frailty interven-
tion using both the phenotype model and mouse clinical FI
would be of benefit.

Kane et al*’ used the mouse clinical FI to show that resver-
atrol treatment and calorie restriction delay frailty in mice. FIs
were measured in old (18 months) male and female C57BL/6
mice fed either a calorie-restricted (CR) diet (40% less calo-
ries than standard) or a standard diet. CR diet significantly
reduced the FI score in male mice, with a trend observed for
female mice. Another pro-longevity intervention, resveratrol
(100 mg/kg), significantly lowered the FI score in mice fed
the resveratrol diet compared to a control.*’” Of particular
importance is that FI was also investigated in DBA/2J mice,
classically considered a short-lived strain, and we found that
at the same biological age, the DBA/2J male mice had a higher
FI than the C57BL/6 male mice. This was the first study to
show that pharmaceutical and dietary interventions can delay
frailty in mice. It not only provides preclinical evidence for
exploring the effect of these interventions in humans but also
shows the value of the mouse clinical F1 as a preclinical tool
for assessing possible interventions for frailty.

Many more frailty interventions could be explored in the
mouse model. Interventions targeting potential physiological
mechanisms of frailty such as cardiovascular or inflamma-
tory changes could be investigated. Furthermore, the effect
of drugs thought to improve healthspan or delay age-related
diseases on frailty could be studied using these tools. It would
be incredibly important and informative to incorporate frailty
measures into rodent studies investigating lifespan and health-
span interventions, especially given the recent focus on the
importance of standardized measures of healthspan.*®

On the opposite side of this spectrum of studies, it is also
possible to use these mouse models of frailty to explore the
effect of potentially detrimental interventions on frailty in the
context of aging. Huizer-Pajkos et al* measured frailty, using
the mouse clinical FI, as one of several geriatric outcomes
in a study of polypharmacy in mice. Therapeutic doses of
5 commonly used drugs were administered in the food of
old (24 months) male C57BL/6 mice for 2-4 weeks, and
functional outcomes and frailty were assessed at baseline,
and post-intervention. Although no change was observed
in FI over the short treatment time, there was a reduction
in walking speed, grip strength, and activity in the mice
administered drugs compared to control mice.* There is
great potential for further studies that use frailty as a clini-
cally relevant geriatric outcome.

Animal studies of frailty as a factor

influencing outcomes
Few studies have explored the effect of frailty as a factor
influencing outcomes (Table 2). Kane et al*' did explore
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the effect of both age and frailty, assessed with the
mouse clinical FI, on acetaminophen toxicity risk. Young
(4—10 months) and old (19—27 months) male C57BL/6 mice
were exposed to acute, subacute, or chronic acetaminophen
treatment, and the degree of hepatotoxicity was assessed.
We found that there was no difference with age or frailty
in the degree of toxicity induced by any of the treatment
regimens.*! This is an important finding as it provides pre-
clinical evidence to suggest that it is safe to use the same dose
of acetaminophen in frail older patients as in young patients.
Pain in the older population is often undertreated,’*"! so evi-
dence to optimize the efficacy and safety of this analgesic in
this population could provide considerable benefit. Further
studies should use the preclinical frailty models to explore
the safety and efficacy of other drugs commonly used in the
older frail population.

In other work, Langille et al® investigated the effect of
frailty and age on the microbiome of female C57BL/6 mice.
They found a difference in the taxonomic and functional
composition of the microbiome with both age and frailty.
However, the small sample sizes did not allow separation of
the effects of frailty and age. The authors do suggest, how-
ever, that changes in the microbiome with age and frailty may
impact outcomes including vitamin availability, carbohydrate
metabolism, and pharmacology of certain drugs.’> Further
studies on changes in the microbiome with frailty would be
of considerable interest.

These 2 studies represent an important start in consider-
ing frailty as a factor affecting outcomes. Indeed, preclinical
models of frailty should be used in future studies to explore
not just the safety and efficacy of drugs but also the effect of
frailty on other clinical outcomes such as postsurgery and in
response to other stressors (ie, chemotherapy). In particular,
the effect of frailty on the toxicity and pharmacokinetics
of drugs that are of high risk, commonly used in the older
population, or known to have potential different age-related
effects could be examined. Studies could also investigate
the effect of frailty on prehabilitation, rehabilitation, exer-
cise, dietary, and surgical interventions in mice to provide
evidence to guide risk assessment and outcome optimization
for all older frail patients.

Challenges and opportunities of
translating findings in animals to
humans

The development of preclinical models of frailty has provided
an invaluable opportunity to researchers. The animal frailty
studies summarized in this review have already provided
exciting data on physiological mechanisms and changes in

frailty, potential frailty biomarkers and interventions, and the
effect of frailty on pharmacological outcomes. There is now
an opportunity for further studies into each of these areas
to fill important gaps in our frailty knowledge and provide
preclinical evidence to guide decision making in humans.
Information gained in animal studies on frailty interventions
could lead to randomized control trials of these interventions
in humans to delay/prevent frailty and its detrimental conse-
quences. Animal studies of frailty mechanisms could lead to
the development of biomarkers to improve the identification
of frailty and pre-frailty in all older people. Furthermore, it
could lead to the identification of new interventional targets.
Studies of frailty as an influence on outcomes could provide
the preclinical evidence needed to stratify clinical trial or
observational study populations by frailty status to provide
clear empirical evidence for drug or surgery outcomes with
frailty. This may then guide the dosing of drugs in frailty, and
the risk assessment of surgical interventions in frailty.
There are, however, some challenges in translating these
findings from animals into humans. The applicability of
the type of frailty assessment tool used, the animal model
tested (including strain, sex, diet, and environment), and the
interventions considered must all be given careful thought.
As these are relatively new tools, there is the potential
for further development and refinement. For example, the
association of the mouse phenotype assessment and mouse
clinical FI with mortality has not yet been determined.?
Studies comparing the different frailty assessment tools, or
the tools with the IL-10 frail mouse model, have also not
been completed. There is also a need for more longitudinal
studies characterizing the development of frailty over the
lifespan. Longitudinal studies could also explore the asso-
ciation of frailty with aging phenotypes, and other outcomes
such as mortality or resilience. Additionally, the importance
of clinically relevant outcomes is paramount. Seldeen et al*?
suggest several different parameters that may be added to the
mouse frailty assessments including measures of anxiety,
memory, balance, and pain. The mouse clinical FI could be
easily modified with the addition of items such as a cognitive
assessment, or the replacement or refinement of items to suit
either a different mouse strain or laboratory environment. The
mouse phenotype could also include further items, especially
a weight loss and endurance assessment, and the functional
assessments included could be replaced with other assess-
ments optimized in different research environments. Future
studies exploring the modification and optimization of the
frailty assessment tools would be of considerable benefit.
Furthermore, most of these studies have only been
completed in C57BL/6 mice, and the majority used males
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only. C57BL/6 mice are the classical inbred mouse strain
commonly used for aging research due to the wealth of
phenotypic and genotypic information available.?! They
are also a popular model because they develop similar age-
related changes as are seen in humans including reduced
activity and vascular, bone, and inflammation changes.**
C57BL/6 mice live for approximately 26-30 months, and
they are responsive to interventions that extend lifespan
such as calorie restriction and pharmaceuticals.””* Thus,
they provide a good model for the assessment of frailty in
the context of natural aging. However, recent evidence sug-
gests that the response to interventions may be strain- and sex
specific, and this is an important point to consider moving
forward.>*° The use of different mouse strains and species
would increase the potential applicability of these frailty
assessment tools' and provide further translatability of the
findings to humans. The tools may need to be adapted for use
in other strains and species. For example, one study assessing
frailty in the DBA/2J mice with the mouse FI found that all
mice of this strain were deaf by 18 months.*” Thus, this item
in the index saturates at any early age, and should be replaced
by a different item more applicable to this strain of mouse.®' %
The use of both sexes in future studies is also important,
especially as clinically, there do seem to be changes in the
development of frailty between males and females.® Still,
despite the possibility of further studies to continue to refine
and optimize these tools, these preclinical models of frailty
provide powerful new tools to advance our understanding
of the underlying biology of frailty.

Conclusion/summary

Frailty is a significant social factor, especially in an aging
population. Limited clinical studies show that those who
are frail are at higher risk of a range of adverse outcomes,
and may also respond differently to pharmacological and
surgical interventions."!®!° Despite this, there is limited
knowledge and understanding from clinical studies about
frailty mechanisms and biomarkers, frailty interventions, and
the effect of frailty on clinical outcomes. Animal models of
frailty provide an invaluable opportunity to investigate and
understand aspects of frailty which cannot be explored in
human studies. The recent development of both the IL-10
KO transgenic mouse frailty model® and the frailty assess-
ment tools for use in natural aging®-* has led to several novel
studies exploring the mechanisms of frailty development,
potential interventions to attenuate frailty, and the effect of
frailty on outcomes. These studies represent the beginning
of investigations in this area, from which the potential for
further preclinical frailty studies is huge.
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