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Introduction

The improvement of medical care and living conditions has 
increased life expectancy. Although being a progress per se, the 
extension of life expectancy is associated with an elevated risk 
of all types of chronic diseases as well as the decline in intrinsic 
capacities (1). Research on the basic “biology of aging” aims to 
increase life expectancy and to improve the quality of life. In 
this context, geroscience has emerged as a new interdisciplinary 
field seeking to define the biological underpinnings of aging 
that lie at the crossroads of age-dependent biology, chronic 
disease and health (2, 3). The geroscience hypothesis postulates 

that, since aging plays a major role in most chronic diseases, 
addressing aging physiology will reduce or delay the onset of 
multiple age-associated defects.

Frailty is a clinical state of increased vulnerability resulting 
from aging-related decline in function and reserve across 
multiple physiological systems, that carries an increased risk 
for poor health outcomes including falls, incident disability, 
hospitalization, and mortality (4). Even though frailty is an 
age-associated syndrome, the idea that it is not a normal and 
inevitable part of aging is growing. Hence, frailty can be 
conceptualized as a result of accelerated biological aging (5), 
and elucidating its etiology is thus critical for its prevention 
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and/or treatment. Therefore, there is a pressing need to discover 
markers to differentiate biological age from chronological age 
and to identify individuals at higher risk of developing chronic 
diseases, ultimately with the goal to propose pharmacological 
and non-pharmacological approaches targeting biological 
processes underlying aging.

According to this integrated view, the INSPIRE research 
program has been created to foster research in the field of 
geroscience and healthy aging. INSPIRE aims at promoting 
healthy aging and preventing dependency through, among other 
strategies, the constitution of a bio-resource platform going 
from animals to humans in order to provide clinical, biological 
and technological resources for research and development on 
aging (for a detailed review on the INSPIRE program, see 
[6]). Besides the implementation of digital medicine (ICOPE 
program from the WHO) and the constitution of an INSPIRE 
Human Translational Cohort (6, 7), the INSPIRE program 
will create a unique Mouse Cohort dedicated to basic research, 
whose setup and design will be described in the present article.

Overview of the INSPIRE Mouse cohort 

The primary goal of the INSPIRE Mouse cohort is to 
foster an understanding of the close relationship between the 
molecular mechanisms of biological aging and the onset of 
clinical frailty. This approach will importantly lead to the 
identification of frailty biomarkers. Complementarily, the 
INSPIRE Mouse cohort will enable to better characterize 
frailty in mice by implementing already existing tools such 
as the “Valencia Score”, a frailty score mainly based on 
neuromuscular alterations (8), or the “Howlett and Rockwood 
frailty index” relying on a list of deficits that accumulate 
during aging (9). This will eventually lead to the creation of 
an “INSPIRE Frailty Score” suitable for mice and as close 

as possible to the clinical scenario in humans. Since multiple 
molecular pathways are involved in the aging process and 
can contribute to various aspects of frailty, a panel of valid 
biomarkers in combination with functional measures of frailty 
would allow both diagnosis and follow up in preclinical and 
clinical settings (10). 

A major asset of the INSPIRE Mouse cohort is its 
“mirroring” of the INSPIRE Human cohort in order to facilitate 
the translation of results from basic science to humans (Figure 
1). To further improve the extrapolation of the results to the 
clinic, “humanized” living conditions, i.e. high fat/high sucrose 
diet and sedentary lifestyle, will be studied as common risk 
factors of accelerated aging. A particular attention has also been 
paid to the selection of a mouse strain that congruently mimics 
human heterogeneity. Besides, as main studies on frailty have 
been done on either male or female mice, comparison of frailty 
between genders will also be a major advantage of the INSPIRE 
Mouse cohort. These important considerations should facilitate 
the crosstalk between humans and experimental models, 
therefore speeding up the discovery process (Figure 1).

Here, we provide detailed information on the INSPIRE 
Mouse cohort setup, by putting forward an innovative 
methodology ranging from the study design to comprehensive 
phenotyping. This will be done by integrating measures 
evaluating different dimensions of frailty including cognitive/
motor capacities, cardiac function assessment, body 
composition, metabolic parameters, urinary incontinency and 
immune function as defined in humans (syndrome diagnosis). 
Importantly, tissue biobanking for frailty biomarkers 
identification is implemented. 

Figure 1
Parallel between INSPIRE Mouse and Human cohorts

The animal cohort will mimic the human diversity in functional status by providing both healthy and frail animal models to investigations. Both cohorts will allow the normalization 
and optimization of clinical and biological parameters, and will provide common dataset with equivalent clinical (e.g., cognitive function, mobility) and biological tests. Running animal 
and human cohorts in parallel is expected to facilitate cross-talks between the experimental models and the clinic in order to 1) identify causal mechanisms of clinical frailty; 2) discover 
biomarkers associated with functional loss; and 3) develop new therapeutic strategies allowing healthy aging. Of note, the INSPIRE Research Initiative will also use Nothobranchius Furzeri 
(African Killifish) and pet dogs as additional cohorts to investigate aging process.
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Study design

The INSPIRE Mouse cohort was designed to be as close as 
possible to human lifestyle. As a major issue in aging studies in 
mice is that most are carried out in inbred strains, the INSPIRE 
Mouse cohort will gather a genetically heterogeneous mouse 
stock to better mimic human diversity. In addition, besides 
normal aging, physical activity/exercise we will be studied as 
a human-relevant paradigm of delayed aging, while obesity/
overweight will be evaluated as a risk factor for accelerated 
aging in mice. These are well-known risk factors for frailty 
in humans (11–14) and, as compared to other experimental 
approaches, they are particularly suitable to promote cognitive 
(15, 16), cardiometabolic (17, 18) and immune dysfunctions 
(19), that are involved in progressive/long-term frailty (20, 21). 
These aspects are described below.

Selection of mouse strain
Animal models have been critical tools in biomedical 

research, and among them, the laboratory mouse is undoubtedly 
the most commonly used experimental non-human model. 
The prevalence of mouse models in biomedical research, in 
particular in the field of aging, is unsurprisingly considerable 
given that mice require relatively inexpensive care, reproduce 
quickly, and have a high genetic similarity to humans (22). 
Especially, inbred strains (like C57Bl/6J mice or BALB/c 
mice), transgenic and congenic mice with inbred backgrounds 
are most used. An inbred strain is defined as a strain that has 
been through at least 20 generations of sib-mating, making 
animals from the same inbred strain effectively genetically 
identical (i.e. isogenic) (23). However, such strains do not 
reflect genetically diverse human populations, and therefore 
constitute only a small part of the picture. Hence, outbred 
stocks (as contrary to inbred mice that are referred as strains, 
outbred mice are referred to as stocks) represent new research 
options that parallel or even exceed human genetic diversity, 
offering more generalizability of responses across populations. 
Unfortunately, unfamiliarity with outbred mice and concerns 
about difficulty, genetic variability and lack of reproducibility 
have impeded their widespread use by the research community. 
Nevertheless, while there is a common belief suggesting that 
inbred strains should present less variability of outcomes (24), 
presenting practical and ethical advantages, a recent review 
of the literature shows this to be erroneous. Indeed, several 
studies have shown that for a majority of readouts, inbred 
and outbred mice showed comparable phenotypic variations 
(25–27). In addition, Tuttle et al. performed a systematic 
review of the primary literature, and found that strain type 
(i.e. inbred or outbred) did not have any effect on within-strain 
variability regardless of trait category including anatomy, 
behavior, immune function, molecules and organ function (26). 
Therefore, except in cases where precise genotypic regulation 
or standardization is required, it appears that outbred stocks 
from heterogeneous backgrounds are more appropriate models 

in many biomedical research applications. 
Among the available outbred stocks, the SWISS mice 

are commonly used. The initial stock was bred at the Centre 
Anti-Cancéreux Romand in Lausanne, Switzerland, in the 
1920s and consisted of two male and seven female albino 
mice derived from a non-inbred stock. These mice have many 
advantages for long-term studies, as they are inexpensive, 
robust and commercially available. They have been used for 
mouse transgenesis experiments, principally due to efficient 
breeding and large litter sizes. Importantly, they have a large 
genetic diversity, which is similar to that found within and 
between human populations (28). In addition, SWISS mice are 
sensitive to high fat diets (29–33) and have been used in aging 
studies (34, 35), the latter being of primary importance for the 
INSPIRE project. Indeed, Antoch and collaborators reported 
that mean life expectancy of these mice was 121.1 ± 9.2 weeks 
for males and 109.6 ± 6.9 weeks for females, with maximum 
lifespan being of 150 weeks and 164 weeks respectively (35).

For the reasons stated above, the INSPIRE Mouse cohort 
will gather SWISS mice as a model mimicking the genetic 
heterogeneity of human populations. It is important to note 
that females are often underrepresented in animal studies, 
leading to a compromised understanding of female biology 
and resulting in poorer treatment outcomes for women. By 
looking primarily in males, important biological effects 
can be missed or misinterpreted, partly due to hormonal 
and genetic intrinsic differences. In addition, contrary to a 
common belief, recent analyses have found that variability in 
female performance without regard for the estrous phase is 
not higher than performance variability in males (36). We thus 
decided to include both male and female SWISS mice in the 
INSPIRE cohort in order to further improve the reliability and 
representativeness of our findings (Table 1). When planning 
a study that includes an advanced age group, it is important to 
provide extra animals to ensure sufficient statistical power as 
a result of early mortality. Therefore, the number of males and 
females in each group was statistically adjusted considering 
both spontaneous and high fat diet-induced mortality (35, 37) 
(Table 1). Finally, as the tracking of each mouse is critical to 
carry out an individual follow-up, microchips will be implanted 
in mice so they will be easily identified using a microchip 
reader. 

High fat high sucrose (HFHS) diet-induced obesity as a 
model of accelerated aging

There is strong evidence that excessive adiposity contributes 
to the impairment of several parameters of frailty, notably 
reducing the ability of older adults to perform physical 
activities, impairing different forms of memory and increasing 
metabolic instability (38). Many obesity-related conditions 
including low-grade inflammation, insulin resistance, type 2 
diabetes and low physical activity are risk factors for frailty. In 
order to study the biological and molecular changes that occur 
during aging, and to depict the differences between accelerated 
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and normal aging, a model of diet-induced obesity will be used 
to induce accelerated aging. 

At present, there is a range of commercial high-fat diets that 
have been demonstrated to make small rodents obese. However, 
some of these diets contain levels of dietary fat that are much 
higher than the levels that humans routinely consume. The 
typical American or European diet contains about 35–40% fat 
by energy, and a tolerable high-fat human diet might contain 
50–60% of energy as fat. However, the 60% fat rodent diet 
often used in experimental paradigms presents a much greater 
distortion of the fat content of a normal rodent chow. Thus, 
rodent studies with a 60% fat content might not be as relevant 
to human physiology as those which use a 40-45% fat diet (39). 
Moreover, mice fed with 60% fat diet become more obese, 
and do so faster than the ones fed with 40-45% fat diet. Thus, 
while many researchers use the 60% rodent diet as a matter of 
economics and convenience, it is not the best option for long-
term follow-up studies. It is noteworthy that fatty acid (FA) 
composition of the diet should also be considered besides the 
percentage of fat in the diet. Moreover, it has been suggested 
that HFD with high sugar content better mimic the human 
western diet (40).

For all the aforementioned reasons, we decided to use a 
customized high fat high sucrose (HFHS) diet containing 
40 % energy from animal and vegetal fat (among which 
41% saturated fatty acids, 45% monounsaturated fatty acids 
and 14% polyunsaturated fatty acids) and 25% by weight 
sucrose. This diet or its corresponding customized control 
diet will be given to the mice from 6 to 24 months (Table 
1). Interestingly, comparable HFHS diets have been shown 
to promote sarcopenia, bone loss and impaired neurological 
function in mice (41, 42). These findings represent some of 
the major features observed in aging humans, suggesting that 
HFHS diet-fed mice represent a useful model for studying 
accelerated aging.

Voluntary activity through running wheel access as a 
model of decelerated aging

Behavioral paradigms that are commonly used to model 
human exercise training in mice include forced treadmill 
running, forced wheel running and voluntary wheel running. 
Mice running behavior in voluntary wheels is closer to the 
natural running pattern than forced exercise, as it is performed 
under non-stress conditions, does not require a negative 
stimulus, and does not interfere in the normal nocturnal-diurnal 
rhythmicity of the animal (43). Remarkably, laboratory mice 
run spontaneously when they have access to running wheels, 
and this behavior is also observed in feral mice when running 
wheels are placed in nature (44). Voluntary wheel running 
thus consists of a rewarding behavior and not a stereotypic 
behavior that can result from environmental restriction and 
devoid of any goal or function (45). Another advantage of 
voluntary wheel running is that, since no direct intervention 
from the experimenter is required, it can be easily used in 
long-term studies. Hence, voluntary activity will be assessed 
in the INSPIRE Mouse cohort by giving mice access to upright 
running wheels (Table 1). To obtain continuous recording 
throughout the lifespan, we will use a sophisticated method 
connected to an analysis software that will record detailed 
activity parameters, including the number and duration of each 
running period, as well as the number of revolutions, speed, 
total distance and time, and dark/light cycle activity patterns 
on running wheels. As mice will be identified by microchips, 
parameters will be obtained for each single mouse, and at the 
time of this writing, we are developing a “toll like” detection 
system to measure individual mouse voluntary activity. Of 
note, to avoid enrichment/steric hindrance-linked bias, wheels 
will be placed in all cages. Nevertheless, in the control groups 
for which the effect of «no physical exercise” will be assessed, 
running wheels will be blocked (Table 1).

Spontaneous mobility 
Mobility is among the most studied and most relevant 

parameters affecting quality of life with strong prognostic value 

Table 1
Mouse cohort organization

Study design Cross-sectional study Longitudinal study
Conditions 6 months 12 months 18 months 24 months
Control 80 mice (40M/40F) 80 mice (40M/40F) 100 mice (52M/48F) 136 mice (68M/68F) 120 mice (60M/60F)
HFHS diet -- 80 mice (40M/40F) 112 mice (64M/48F) 180 mice (112M/68F)
Voluntary Activity 
(VA)

-- 80 mice (40M/40F) 100 mice (52M/48F) 136 mice (68M/68F)

HFHS diet + VA -- 80 mice (40M/40F) 112 mice (64M/48F) 180 mice (112M/68F)
TOTAL 80 mice 320 mice 424 mice 632 mice 120 mice
For the cross-sectional study, end-point analysis will be performed at 6, 12, 18 and 24 months which roughly correspond to 30, 42, 56 and 70 years in humans. Two conditions that affect 
human and mouse health will be studied: high fat high sucrose (HFHS) obesity and exercise. For the longitudinal study, mice will be allowed to live their natural lifespan, and mean and 
maximal lifespans will be then calculated. Both male (M) and female (F) SWISS mice will be included in the cohort.
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for disability and survival. Indeed, locomotor impairments in 
older adults represent a pre-clinical transitional stage towards 
disability (46). It is thus necessary to understand how aging-
related changes in mobility in mice resemble changes in 
humans. 

To this end, the INSPIRE program will provide a life-long 
measurement of aging-related locomotor activity in mice, 
through automated home cage monitoring. This technique 
enables to monitor animals over long periods of time without 
human intervention. The system we will use, known as Digital 
Ventilated Cages (DVC®), is designed to gather continuous 
animal activity data directly from the home cage while keeping 
cages into conventional Individual Ventilated Cages (IVC) 
racks (Supp material). It provides a reduction in animal 
distress thereby increasing welfare, minimization of biases 
and increased reproducibility of data (47, 48). Therefore, mice 
belonging to the INSPIRE cohort will be housed in DVC cages 
so locomotor activity of all mice will be continuously and 
automatically monitored throughout their life. This activity 
metric represents the overall in-cage activity generated by all 
mice in a cage from any electrode and is not tracking activity 
of individual group-housed animals. Therefore, this parameter 
will be complemented by the individual aforementioned 
measure, i.e. voluntary activity through running wheel, as well 
as neuromuscular function by Valencia Score and behavioral 
cognitive tests (see the following section).

Comprehensive phenotyping

In this section, we provide an overview of our methodology 
for the measurement of healthspan and frailty in naturally 
aging, diet-induced accelerated aging, and exercise-induced 
decelerated aging in mice. These methods cover a spectrum 
of highly relevant biological indicators of frailty including 
cognitive, neuromuscular, cardiac, metabolic and immune 
function as well as urinary incontinency (For precise timeline, 
see figure 2). The goal is to improve the currently available 
“Frailty Scores” with an extended “INSPIRE Frailty Score” 
suitable for mice, and taking into account accurate parameters 
to get closer to the human clinical settings (9, 49) (Figure 3).

Observational study: longitudinal vs cross-sectional
Both cross-sectional and longitudinal approaches are 

observational studies commonly used in aging research. In 
cross-sectional studies, data are collected as a whole to study 
a mouse population at a single point in time to examine the 
relationship between variables of interest. Conversely, in 
longitudinal studies, data are gathered from the same mouse 
repeatedly over an extended period of time.

In the case of age-related healthspan studies, data are 
collected at predetermined ages from multiple individuals 
within a population. The cross-sectional study design allows 
performing invasive or terminal procedures but precludes the 
evaluation of lifespan. In the case of the INSPIRE Mouse 
cohort, a major cross-sectional study will be conducted with 
endpoint analyses being performed in different groups of mice 

Figure 2
Representation of experimental timeline

For the cross-sectional study, the multiple tests at 6, 12, 18 and 24 months will be performed over a period of 3-4weeks. The nature of these tests is indicated below each end-point. One month 
before end-point analysis (5, 11, 17 and 23 months), bladder function will be assessed. At 9, 15 and 21 months, blood will be collected in a longitudinal way to mainly evaluate immune system 
modifications. Both mouse mobility and voluntary activity will be continuously recorded during the whole study. For the longitudinal study, mice will be allowed to live out their maximum 
natural lifespan. * indicates the start of the HFHS diet at 6 months. FBO: Feces, Blood, Organs.
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at the ages of 6, 12, 18 and 24 months-old (Table 1), which 
roughly correspond to ages from 30 to 70 years in humans. This 
will allow us to carry out a large number of tests to evaluate 
and characterize the onset of frailty in aging mice (Figure 2). 
Importantly, it will also enable to evaluate if some organs 
“age” prematurely compared to others, and to presume the role 
of different organ dysfunction in the onset and progression of 
frailty. 

Conversely, longitudinal studies allow mice to live out their 
maximum natural lifespan, either dying naturally or being 
euthanized in case of major decline. Therefore, a longitudinal 
sub-cohort with 120 animals (60 males and 60 females) will be 
implemented to the INSPIRE cross-sectional study to evaluate 
the spontaneous mouse mortality, and to determine mean and 
maximal lifespans in our animal facilities (Table 1, figure 2). 

Frailty evaluation by the “Valencia Score” 
The development of frailty scores suitable for mice and 

which resemble those that are used in the clinical scenario 
has become an essential challenge in basic gerontological 
research. In pursuit of this goal, the “Valencia Score” has been 
recently developed to measure frailty in rodents (8). It is based 
on the human clinical parameters described by Linda Fried 
and co-workers [50], and thus facilitates the extrapolation to 
humans, as it relies on five robust clinical criteria including 
unintentional weight loss, weakness, poor endurance, 
slowness and low activity level, that can be easily measured 
in mice. According to this score, if a mouse fails three or more 
components out of five, it is considered as frail, if it fails one 
or two criteria, it is classified as prefrail, whereas if it does not 
fail any criteria it is considered as robust, which is equivalent to 
the clinical classification defined in the Fried Frailty Score. We 
decided to use the Valencia Score as a starting point to evaluate 
frailty, and the following parameters will be therefore primarily 
measured.

Body weight
Animals’ body weights will be recorded biweekly 

throughout their lifespan to have a precise follow-up of weight 
evolution. In order to have reliable and individual data, all the 
mice will be weighted. As suggested by Gomez-Cabrera and 
colleagues, a 5% weight loss over a one-month period will be 
considered positive for this frailty criterion (8), a parameter 
reflecting the unintentional weight loss commonly observed in 
frail people.

In order to avoid variability in locomotor activity and other 
parameters driven by differences in circadian rhythms, all 
testing will be done starting at the same time. Tests will be run 
in the order listed, from the least to the most stressful, thereby 
decreasing the chance that one test might affect the behavior 
evaluated in the subsequent paradigm. 

Grip strength
The grip strength test is a simple non-invasive method 

designed to assess neuromuscular function through animal’s 
limb strength. It takes advantage of the animal’s tendency to 
grasp a horizontal metal bar or grid while suspended by its tail. 
It allows to determine the maximum force, or peak of force, 
developed by a mouse when the operator tries to move it away 
from the bar or grid. The measurement is carried out using a 
high-precision sensor and an electronic device, guaranteeing a 
perfect capture and display of the maximal force. As suggested 
by the “Valencia Score”, a cut-off point below which 20% of 
the observations may be found has to be calculated, and all the 
animals ranking below this 20th percentile will be considered 
to fulfill the frailty criterion of weakness, which is frequently 
measured in the clinical setting.

Motor coordination
The tightrope test is a method for evaluating neuromuscular 

coordination and vigor. It is positively correlated to lifespan 
in rodents and has been extensively validated as a behavioral 
marker of aging since it was first described in the seventies (51, 
52). When animals are placed on a tightrope, they are able to 
grasp the string with the four legs and tail and move to reach a 
side pole. Mice are scored positive if they are unable to reach 
the side pole before a 60 sec time-limit or if they fall from the 
rope. Usually, obese and aged mice cannot lift their hind legs 
and, after hanging for a few seconds from the forepaws, fall on 
the cage bedding. In this case, mice are scored as “positive” for 
this frailty criterion.

Incremental treadmill test
Poor endurance and slowness are key components of the 

diagnosis of frailty in humans. These parameters can be 
evaluated in mice by measuring the running time and speed 
values when performing an incremental intensity test in a 
treadmill. For endurance, the running time values will be 
measured. Then, similar to the grip test, a 20th percentile will 
be calculated as a cut-off point. The animals that will report 
a running time under this “threshold” will fulfill this frailty 
criterion. Besides endurance, running speed will be measured as 
an index of “slowness”. The same aforementioned calculation 
will be performed to define a threshold under which mice 
will be considered as positive for the “slowness criterion”. 
Of note, very old animals are usually unable to keep even 
the lowest running intensities. In our study this is likely to be 
exacerbated in older mice fed the HFHS diet. As in clinical 
practice, subjects that are unable to perform any one test are 
categorized as positive for that criterion.

In the case of the INSPIRE Mouse cohort, the Valencia 
Score will be used as a primary indicator to evaluate frailty in 
mice. However, as this score is mainly based on neuromuscular 
alterations that are commonly observed in frail people, 
implementation of additional parameters would be of great 
value to better characterize frailty onset and progression. 
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Therefore, in order to detect early signs of frailty that might 
not be detected by the Valencia Score, complementary 
measurements will be carried out on the INSPIRE Mouse 
cohort in order to propose an extended “INSPIRE Frailty 
Score”, including cognitive, cardiac, metabolic as well as 
other biological functions (Figure 2). These measurements are 
described in the following sections.

Behavioral cognitive tests
Behavioral indicators of healthspan in mice include gait/

ataxia, motivated activity, cognition, and affective function 
(53). In the context of aging, we will primarily use the 
spontaneous alternation Y-maze, which assesses prefrontal 
cortex- and hippocampus-dependent spatial working and 
reference memory, reflecting changes in cognitive performance 
(54). 

The Y-maze spontaneous alternation test is based on rodent’s 
innate curiosity to explore previously unvisited areas and 
is used to assess spatial working memory. When placed in 
a Y-shaped maze, a mouse will show a tendency to enter 
previously unexplored arms, thus showing alternation in the 
arm visits. The number of arm entries and the successive entry 
sequences in the 3 arms are recorded in order to calculate the 
percentage of alternation. An entry occurs when the four legs 
are in the arm. 

Cardiac function
Cardiac dysfunction is a main issue in elderly people, and 

its assessment could be of great interest in the diagnosis and 
the better characterization of frailty. Despite the absence 
of underlying pathologies like hypertension or myocardial 
infarction which lead to heart failure with reduced ejection 
fraction (HFrEF), the ‘normal’ aged heart usually exhibits 
changes like arterial stiffening, increased myocardial 
stiffness, decreased diastolic myocardial relaxation, increased 
left ventricular (LV) mass and decreased peak contractility 
(55). In addition, aging and related comorbidities (obesity, 
hypertension, diabetes, chronic obstructive disease, anemia 
and chronic kidney disease) may initiate or aggravate chronic 
systemic inflammation that may further affect cardiac 
remodeling and dysfunction (56). Therefore, the majority of 
elderly patients exhibit heart failure but have a preserved 
systolic LV function, a syndrome known as heart failure 
with preserved ejection fraction (HFpEF). Patients with this 
syndrome have severe symptoms of exercise intolerance, 
frequent hospitalizations and increased mortality. Despite 
the importance of HFpEF, optimal treatments remain largely 
insufficient. The INSPIRE Mouse cohort thus represents a 
model to better understand HFpEF pathophysiology within a 
‘systemic’ perspective. Of note, approximately 85% of elderly 
HFpEF patients are overweight or obese, and the HFpEF 
epidemic has largely paralleled the obesity epidemic (57). 
Therefore, HFHS diet-induced obesity also represents a 
congruent mouse model of HFpEF. 

For the evaluation of cardiac function, we have selected 
echocardiography. In addition to traditional parameters 
reflecting systolic function (ejection fraction and ventricular 
wall thickness), particular attention will be given to the 
measurement of diastolic (dys)function. In particular, the 
evaluation of mitral inflow will be assessed, as it is very 
informative and plays an important role in grading diastolic 
dysfunction (Supp material). Of much interest, these parameters 
will be complemented with strain imaging to measure the 
regional and global deformation of the myocardium, which 
allows for early detection of subclinical LV dysfunction.

The combination of the aforementioned cardiac parameters 
will allow to better highlight HFpEF in mice and to upgrade the 
Valencia Frailty Score with the degree of diastolic dysfunction.

Metabolic function
During aging, there are changes in body composition, 

including a loss of lean body mass, bone mass, body water, 
and a relative increase of fat mass. The bone deteriorates 
in composition, structure and function, which predisposes 
to osteoporosis. Furthermore, the increase in fat mass is 
distributed more specifically in the abdominal region, which 
is associated with cardiovascular disease and diabetes (58). 
Changes in body composition often occur in the absence of 
weight fluctuations, being due to alterations in energy balance, 
with a positive balance leading to weight gain and a negative 
balance resulting in weight loss. These key parameters will thus 
be assessed in the INSPIRE Mouse cohort.

Body composition and bone analysis

Magnetic Resonance Imaging
Body composition analysis will be performed by Magnetic 

Resonance Imaging (MRI) which provides an accurate estimate 
of whole-body fat, lean, free water, and total water masses in 
live mice. This technology combines simplicity of use, short 
scan times, and the comfort of animals which do not need to be 
anesthetized. 

X-ray micro computed tomography
Bone analysis will be done by micro-computed tomography 

(micro-CT), which can provide ultrahigh-resolution 
images with resolution of less than 10 µm. This analysis 
will be performed after bone collection following terminal 
anesthesia. This technique will evaluate key parameters of 
bone microarchitecture like cortical thinning, cortical porosity, 
thinning of the trabeculae and loss of trabecular connectivity.

Plasmatic metabolic profiling
In addition to the aforementioned parameters, key plasmatic 

markers will be measured in plasma collected 2h after fasting, 
at the time of euthanasia. The combination of biochemical and 
multiplex immunoassay analysis will allow us to determine 
a broad range of metabolic markers in mice. These markers 
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include, but are not limited to, hepatic enzymes, lipids and 
lipoproteins, incretins, glycated proteins, glucose, lactic acid, 
glucagon, insulin, leptin, PYY, amylin, peptide C, ghrelin and 
others. 

The consideration of metabolic function in the INSPIRE 
frailty score will be of great importance to correlate body and 
bone compositions, and plasmatic metabolic profiling with 
neuromuscular and cardiac alterations, which will allow a better 
characterization of the sequential progression of frailty.

Bladder function
Urinary incontinence is a major problem in the elderly 

population, especially among women (59). Affected individuals 
often make great efforts to deny or hide urinary incontinence, 
which can lead to psychosocial hindrance. Its consideration 
is thus important in the characterization of frailty, but 
unfortunately its measurement is often undervalued in aging 
research, in particular in animal cohorts.  

We thus decided to measure urinary incontinence in the 
INSPIRE Mouse cohort in order to study lower urinary 
tract function during aging. To this end, a spontaneous void 
spot assay (VSA) will be performed (Supp material), so 
urinary spotting patterns will be used as an indirect way of 
measuring bladder function and outlet control (60). As urinary 
incontinence is usually considered as a feature of frailty in 
humans, its measurement in mice will improve the scoring of 
frailty to be closer to the clinical evaluation.

Immune function
A crucial component of aging is a set of alterations in the 

immune system that can manifest as a decreased ability to 
fight infection, diminished response to vaccination, increased 
incidence of cancer and constitutive low-grade inflammation 
(61). The latter, which has been called “inflammaging”, has 
drawn particular attention in the field of aging, as recent studies 
have provided evidence that a pool of molecules can be secreted 
by senescent cells, a process known as senescence-associated 
secretory phenotype (SASP). This SASP includes cytokines, 
chemokines, proteases and growth factors that can affect 
neighboring cells via autocrine/paracrine pathways.

Immunological markers will be assessed in the INSPIRE 
Mouse cohort at different time points, i.e. 9, 15 and 21 months 
through submandibular blood collection and 6, 12, 18 and 
24 months through terminal blood collection in the posterior 
vena cava (Figure 2). These markers will be measured in 
plasma by multiplex immunoassays and include, but are not 
limited to, IL6, IL-1 beta, TNF alpha, IL-12, IFN gamma, IL-2, 
IL-10, TGF beta, IL-4, IL-13, IL-17, CCL2, CXCL9, CXCL10, 
CCL22, CCL17, CRP. In addition, end-point blood collection 
will also serve at determining the white blood cell count of 
mice. 

Adding some key markers reflecting immune system 
modifications in the characterization of frailty would be of 
great interest, as this feature is not considered in the current 

evaluation of frailty in mice.

Organ collection, biobanking and multi-omics analysis

After phenotyping, mice will be sacrificed and urine, 
feces, blood and tissues will be collected for biobanking as 
appropriate. Mice will be fasted 2h before euthanasia. Urine 
will be collected after placing mice in metabolic cages for 12 
hours, the day before euthanasia. Feces will be collected during 
mouse handling, just before euthanasia and directly frozen. 
Blood will be collected just after euthanasia from the posterior 
vena cava, which is recommended for terminal stage studies in 
order to collect a maximal volume of blood. The fluids will be 
prepared as appropriate (e.g. for plasma collection), aliquoted 
and stored at -80°C before further investigations. Concerning 
the tissues, as many tissues as possible will be collected. Each 
tissue will be then subdivided into two pieces: the first one will 
be included in Optimal Cutting Temperature (OCT) compound, 
paraformaldehyde (PFA) or glutaraldehyde as appropriate, 
and cut into ultrathin slices for complete anatomopathological 
analysis. The other piece will be flash frozen in liquid nitrogen 
and, shortly before analysis, tissues will be fragmented with 
a biopulverizer into tiny pieces the size of grains of sand 
or course powder. This technique was selected for different 
reasons: 1) it reduces the number of collector tubes; 2) it limits 
sampling bias during organ collection; and 3) it optimizes 
subsequent rapid and complete lysis using lytic solutions or 
mechanical homogenizers. All the samples will be stored in a 
Biological Resource Center dedicated to the conservation of 
biological resources according to strict criteria of ethics and 
quality. 

Multi-Omics analysis will be performed on biological fluids, 
feces and tissues. To facilitate the transfer of the results to 
the Human cohort, priority will be given to the analyses in 
plasma, urine (in particular proteomics and metabolomics 
profiling) and feces (microbiota analysis). The goal of this 
approach is to define a set of robust and accurate biomarkers 
for normal, accelerated, and decelerated aging. The tissues will 
be then dedicated to the multi-Omics-designed identification 
of novel tissue-specific candidate biomarkers for frailty and 
accelerated/decelerated aging, and to the validation of the novel 
candidate targets for prevention and treatment of accelerated 
aging (Figure 3).

Conclusions and perspectives

Belonging to the global INSPIRE platform on geroscience, 
the INSPIRE Mouse cohort represents a unique way to model 
and better characterize frailty in mice. Although excellent 
institutions like the Buck Institute and the National Institute 
on Aging also carry out comparable studies in mice dedicated 
to investigate biological aging, the main originality of the 
INSPIRE Mouse cohort relies on the focus on getting closer 
to the human lifestyle to define the time course and the 
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mechanisms of frailty/accelerated aging onset. Within this 
line, the selection of outbred mice that better parallel human 
genetic diversity, is a determining parameter offering more 
generalizability of responses across populations. In addition, 
including both males and females, and mimicking “humanized” 
lifestyles through voluntary physical activity and HFHS-diet 
induced obesity further approach real human living conditions. 

Through a large functional and biological phenotyping of 
mice, a first objective of the INSPIRE project is to define 
the age at which early signs of frailty arise. Indeed, frailty is 
considered as a clinical syndrome appearing in advanced ages 
(62), but this is because the definition of frailty is mainly based 
on clinical criteria becoming discriminating in old patients. 
However, it is likely that the biological mechanisms leading 
to frailty and accelerated aging may be induced and detectable 
much earlier than the actual clinical signs of frailty. The goal 
here is to define the early signs of premature aging and to 
correlate them to the normal/altered functional phenotype to 
1/ define the age of frailty onset and 2/ identify the organ/
system(s) primarily altered in the frailty process. To this aim, 

the development of a clinically relevant score for frailty in 
mice is essential. Within this line, the “Howlett and Rockwood 
frailty index” is a simple and noninvasive index, based on 31 
health-related variables like alopecia, distended abdomen, 
hearing loss and breathing rate (9). Although this 31-item check 
list is based on deficit accumulation during aging, we believe 
that investigator bias may play a critical role in diagnosis of 
frailty, which may affect the comparison of results across 
studies. More recently, the Valencia Score has been developed 
to determine frailty in naturally aging mice, based on five 
clinical components previously reported for humans by Fried 
and co-workers (8, 50). Despite its undeniable interest, this 
approach is primarily focused on the in-depth study of aging-
related neuromuscular alterations and does not evaluate other 
key aspects of frailty such as cognitive, cardiac or metabolic 
impairments. Therefore, for the INSPIRE Mouse cohort, mice 
will be initially labeled as ‘frail/pre-frail/robust’ based solely on 
the Valencia test. Then, functional phenotyping will allow us to 
know if other aspects of frailty that are currently undervalued 
(e.g. cardiac or metabolic alterations) are detectable earlier 

Figure 3
Graphical abstract of the proposed INSPIRE Frailty Score

The goal of the INSPIRE Mouse cohort is to propose a clinically relevant “INSPIRE Frailty Score”, combining both functional and biological parameters, which will bring important 
knowledge on frailty characterization, assessment and target identification. 
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than neuromuscular defects, which could greatly refine frailty 
detection. Then, a cut-off will be empirically determined 
for each parameter in order to set a more accurate frailty 
score. This method will bring key information on frailty by 
1/ evaluating the effect of HFHS-induced overweight and 
sedentarism on frailty onset and 2/ including clinically relevant 
criteria like cognitive, cardiac, metabolic, bladder and immune 
parameters in addition to the currently measured neuromuscular 
deficits (Figure 3). Importantly, all these parameters, which 
will be supplemented by the longitudinal follow up of mouse 
mobility and voluntary activity, closely reflect changes 
observed in humans and therefore better approach the human 
frailty criteria. 

Besides phenotypic measures, molecular biomarkers will 
be highly valuable and complementary in the prediction of 
healthy/unhealthy aging. Through a better understanding of 
the close relationship between the molecular mechanisms of 
cell premature aging and the onset of frailty/accelerated aging, 
the INSPIRE Mouse cohort will foster the identification of a 
panel of robust and sensitive frailty biomarkers that have not 
been extensively studied so far. Multi-Omics analysis of blood, 
urine and feces will allow to rapidly identify such biomarkers’ 
profiles (that can be conceptualized as a “frailty ID”), which 
might inform timely pharmacological and non-pharmacological 
preventive strategies acting directly on aging and contributing 
to a healthy state even in late ages. Then, these multi-Omics 
approaches will be extended to tissues to eventually discover 
novel tissue-specific putative biomarkers and therapeutic targets 
of frailty/accelerated aging (Figure 3).

An important notion, tightly linked to frailty is resilience, 
which is defined as the capacity to respond to or recover from 
clinically relevant stresses (63). Therefore, resilience must be 
evaluated in aging studies and necessitates the development 
of new animal models, which would be of particular great 
value for testing the benefits of geroprotectors. However, 
modelling resilience in mice is challenging, as there is no 
consensus on its precise definition or on how best to measure 
it (64). Although some models are currently available, there is 
very little data related to the characterization of the multiple 
deficits caused, especially in aged animals. As of this writing, 
INSPIRE investigators (gathering physicians, pharmacists, 
epidemiologists, geriatricians, clinicians, molecular biologists 
and others interested in the process of aging) are working on 
the tremendous question of “resilience modelling”, aiming at 
reaching a consensus on the suitability of such models.

To sum up, the INSPIRE Mouse cohort will importantly lead 
to the precise functional characterization of frailty together with 
the identification of robust molecular biomarkers to predict 
healthy/unhealthy aging. The resulting INSPIRE Frailty Score, 
combining both functional and biological parameters, will 
thus allow to refine frailty characterization and detection in 
animal models (figure 3). Therefore, by belonging to the global 
INSPIRE platform on geroscience (6, 65) and through its 
interaction with the INSPIRE Human Translational cohort and 

the INSPIRE Icope Care Cohort (6, 7, 66), the INSPIRE Mouse 
cohort should speed up the discovery process in the field of 
aging, with the final goal to increase access to healthy aging for 
the current and next generations. 
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