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ABSTRACT
Frailty represents a state of vulnerability and increases the risk of negative health outcomes, which is becoming
an important public health problem. Over recent years, multiple independent studies have attempted to
identify biomarkers that can predict, diagnose, and monitor frailty at the biological level. Among them, several
promising candidates have been associated with frailty status including antioxidants and free radicals, and also
inflammatory response biomarkers. In this review, we will summarize the more recent advances in this field.
Moreover, the identification of scales and measurements to detect and quantify frailty in aged mice, as well as
the generation of mouse models, have started to unravel the underlying biological and molecular mechanisms
of frailty. We will discuss them here with an emphasis on murine models with overexpression of glucose-6phosphate dehydrogenase and loss of function of superoxide dismutase and interleukin 10, which reveal that
altered oxidative stress and inflammation pathways are involved in the physiopathology of frailty. In summary,
we provide the current available evidence, from both human cohorts and experimental animal models, that
highlights oxidative damage and inflammation as relevant biomarkers and drivers of frailty.

INTRODUCTION
The population in advanced countries is rapidly aging,
and the proportion of people aged 60 and older is
forecast to increase from 16% to 26% in 2050 and will
triple from 5.8% to 15% in less-developed countries
(World Health Organization, 2010). This expansion is
due to successful socioeconomic development and
public health policies. However, it is also a major
socioeconomic challenge as the aging population
increases continuously and may jeopardize the
sustainability of public health systems. Thus, the group
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of people older than 65 accounts for over 60% of health
care spending in Organization for Economic Cooperation and Development (OECD) countries. In
addition, people aged 65 and over present a health care
cost per capita five times higher than for those aged less
than 65 years.
Aging is accompanied by severe comorbidities,
disabilities, and dependency in many cases [1].
Remarkably, age-associated disability is often preceded
by frailty. The concept of frailty has evolved
considerably in the literature over the last years to
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develop into a possible consensus. It is a geriatric
syndrome defined as the gradual reduction in functional
reserve and resilience, as well as impaired adaptive
capacity across multiple physiological systems, that
increases the vulnerability against stressors and lead to
deterioration and adverse health outcomes in the elderly
[2]. A further point that is generally agreed is that frailty
is a consequence of the process of aging and indeed its
prevalence increases with age. Thus, it ranges from 5%
to 17% in people of 65 years from different countries; a
percentage that progressively increases up to almost
50% in individuals over 85 years-old [3]. Importantly,
frailty can precede the development of disability and
other adverse events such as falls, fractures, dependence,
institutionalization, and death by several years and it is
also closely linked to multimorbidity [4, 5]. Indeed, its
distribution in aged populations and its role as a risk
factor for relevant deleterious outcomes endorses the
current consideration of frailty as a priority target for
public health [6, 7].
Another factor that remains consistent about frailty is
that it is a dynamic syndrome, which can fluctuate
between different states of severity and it has potential
for reversibility [2]. Indeed, there is increasing evidence
that interventions based on cumulative physical activity
through moderate exercise or multicomponent intervention (composed by strength, endurance, and balance
training) improve function and partially restore a
healthy status in frail elders [8–10]. Nutrition
intervention studies using more caloric or high-protein
diets as well as nutritional supplementation, such as
with vitamin D, have also been proposed. These works
show promising results with improvements in strength,
walking speed, and nutritional status in frail and prefrail adults, especially when combined with exercise
interventions [11], but they still require further
validation to become established. Strategies combining
interventions based on exercise, nutrition, cognitive
training and/or behavioral therapy, as well as those
based on comprehensive geriatric assessment, have also
been tested resulting in frailty status improvement
[12–14]. Despite the positive results with a variety of
interventions, there is still the need for additional
evidence-based guidelines on how to treat and reverse
frailty in patients [14].
Subsequently, there remains an intense debate about
how to screen and assess frailty and, indeed, a standard
screening instrument for its identification in research
and/or clinical practice is currently lacking.

Frailty measurement
Frailty was first described by Fried and colleagues in
the Cardiovascular Health Study (CHS) [15], who
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established a “frailty phenotype” based on the
presence/absence of a set of five criteria: weakness
(low grip strength), slowness (slow walking speed),
low physical activity, exhaustion (self-reported), and
shrinking (unintentional weight loss). According to this
definition, an individual is considered as “frail” if three
or more of these features are present, whereas he/she is
classified as “pre-frail” if having one or two and
“robust” when none is recorded. This frailty assessment
tool or modifications of it (called “Fried-like”
definitions) are therefore mostly based on performance
of physical activity criteria.
Another approach to evaluate frailty is the Frailty Index
(FI), which considers the accumulation of age-related
health deficits displayed by an individual [16]. The FI is
calculated as the number of deficits divided by the total
number of potential health deficits under consideration;
high values of FI indicating a greater degree of frailty. It
is important to note the FI not only takes into account
physical measures but it also encompasses additional
variables including cognitive and psychosocial aspects
that allow professionals to evaluate elderly individuals
in a more comprehensive manner.
The “Fried´s frailty phenotype” and the FI are the main
methods for screening frailty in humans and also in mice
as will be presented later. Although they have become
seminal to the frailty research field, assessing frailty
using these two scales is complicated mainly in primary
care settings but also in other clinical settings due to the
required techniques and amount of information or time
required. Consequently, they are not implemented in
health systems, and other scales and indices have been
developed in the last 20 years aimed at identifying and
screening the condition of frailty in the clinical practice.
These can be grouped in accordance with their
conceptual approach. One set of tools is based on the
measurement of individual´s functional performance,
which could resemble some aspects of physical frailty,
and includes Gait Speed (GS), Timed Up and Go (TUG)
and the Short Physical Performance Battery (SPPB)
tests, among others. Another set is composed of tools
and questionnaires on the basis of clinical data, routine,
and functional performance criteria that are able to
predict the occurrence of adverse effects and includes
the “FRAIL” scale [17] or the Tilburg Frailty Indicator
[18]. Finally, there is a smaller group of measures based
on clinical judgment, such as the Clinical Global
Impression of Change in Physical Frailty instrument
(CGIC-PF) [19], Clinical Frailty Scale [20], or the
Gérontopôle Frailty Screening Tool (GFST) [21].
However, as indicated above, there is no agreement on a
standard assessment instrument for identification and
screening of frailty in research and/or clinical practice.
The “FRAIL” scale, which is based on a short five
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question assessment regarding fatigue, resistance,
aerobic capacity, illnesses, and loss of weight, has been
validated in several cohorts and will likely become the
first consensus tool for frailty so far [2].
Aiming to complement scales, functional tests, and
questionnaires, many studies have been conducted to
identify frail individuals at biological level. In this
regard, several molecules have been proposed, but only
a few of them were assessed as clinical biomarkers of
frailty, with controversial results [22–24]. This is
probably a consequence of the evolution in the
conceptualization of frailty, the lack of a standard tool
to screen and identify it, and the absence of longitudinal
studies, as well as the existence of only a few omicsbased studies that have compared frail and robust
individuals from an unbiased and global perspective.

Multidimensionality of frailty
One of the characteristics that has reached consensus
about frailty is that it represents a multidimensional
syndrome, which undoubtedly makes the identification
and assessment of frailty more difficult. Thus, there is a
clear physical component of frailty; however, increasing
attention is being recently paid to additional aspects,
mainly cognitive [25, 26] but also additional ones such
as psychosocial or nutritional factors [27–30]. Future
work will need to establish these domains properly, find
tools to assess them specifically, and also demonstrate
to what extent these factors play a role in frailty
development.

the risk of death [2]. Physical frailty has been related to
disability and sarcopenia, which frequently overlap in
clinical practice and can make an accurate diagnosis and
management very confusing [32, 33]. However, they are
clinically and conceptually distinct, particularly in the
case of disability [34]. Indeed, physical frailty can be
considered as a pre-disability stage with disability
defined as needing assistance with basic activities of
daily living [33].
An outstanding characteristic of physical frailty is the
loss of muscle quantity and function, which is also part of
the definition of sarcopenia and indeed both have
physical function impairment as a core component [35].
The lack of standardized definitions means that
sometimes both concepts are used interchangeably.
However, there is evidence that frailty (according to
Fried´s criteria) and sarcopenia (with three specific
assessment criteria) are distinct, although related,
conditions that often co-exist [36]. This is in line with the
idea that sarcopenia may be a component of frailty, but
frailty is more multifaceted than sarcopenia alone [2].
Cognitive frailty

The original operational definition of frailty was mainly
based on the physical status of individuals [15]. Indeed,
Fried and colleagues established a “frailty phenotype”
based on the presence of three or more of criteria
that included unintentional weight loss, exhaustion,
low physical activity, slowness, and weakness as
abovementioned. Weight loss has been recently shown to
be the last of those five characteristics to manifest [31],
which decreases the possibility to improve physical
functioning and reverse frailty status.

The concept of frailty has been broadened in the last
years and it is considered a multidimensional syndrome
with multisystem dysfunctions including impaired
cognition, in addition to physical impairment, existing
interactions among them. This is based on
epidemiological evidence that indicates that physical
frailty could increase the risk of future cognitive
impairment and that cognitive decline may increase the
chances to develop frailty [37, 38]. The mutual
influences between age-associated cognitive impairment
and frailty led to the proposal of the concept of cognitive
frailty, which had not been conceptualized until recently.
In 2013, an international consensus group from the
International Academy of Nutrition and Aging (IANA)
and the International Association for Gerontologists and
Geriatrics (IAGG) reached a consensus and thereby
defined cognitive frailty as a heterogeneous clinical
condition described by the simultaneous presence of
cognitive impairment and physical frailty [25]. This
condition is related to age, and its diagnostic criteria
include the presence of mild cognitive impairment
(stated by a Clinical Dementia Rating-CDR score of
0.5), physical frailty (based on Fried´s criteria), and the
exclusion of Alzheimer´s disease (AD), additional
dementias, or pre-existing brain disorders [25].

Physical frailty is described as a medical syndrome
with multiple causes and contributors. It is characterized
by diminished strength, endurance, and reduced
physiological function, and therefore increases the
individual’s vulnerability to become dependent and also

As occurs with physical frailty, there are no validated
tools to accurately detect cognitive frailty in research
and clinical practice. The available tests used to
evaluate and screen cognitive frailty explore memory
performance and executive functions, in addition to

In the next section of this review, we will present a brief
overview of the two main domains that have been best
described in relation to frailty: the physical and the
cognitive ones.
Physical frailty
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other cognitive functions, and include the Mini-Mental
State Examination (MMSE), the Montreal Cognitive
Assessment test (MoCA), the Alzheimer’s Disease
Assessment Scale-cognitive subscale (ADAS-Cog), and
speed processing tests [39, 40].
The links between physical and cognitive frailty are
strong and there is evidence that both could share
risk factors as well as common molecular and
pathophysiological mechanisms such as oxidative
damage and chronic inflammation [41] or vascular
disease [37]. Additionally, both have been associated
with hormonal deregulation, gut microbiota, cardiovascular risk, and psychological factors [42–44].
An important characteristic of cognitive frailty is also
its potential for reversibility, which could allow the
implementation of interventions for improving or
restoring cognitive function, and distinguishes this
condition from neurodegenerative diseases [39, 44].
However, it cannot be excluded that cognitive frailty,
under some circumstances, may facilitate or become a
precursor of neurodegenerative processes.

Biomarkers of frailty in human cohorts:
relevance of oxidative and inflammatory contexts
Biomarkers are highly valuable tools in the diagnosis
and stratification of patients as well as in the
understanding of the molecular and genetic pathways
that are dysregulated in disease. Recent years have seen
multiple attempts to identify accurate and sensitive
frailty biomarkers, while increasing the knowledge about
the molecular basis underlying this syndrome. The
mechanisms leading to frailty involve several systems,
which mainly include oxidative stress and inflammation
pathways, but also involve the endocrine, immune, and
vascular systems, and consequently, the most promising
biomarkers are related to these processes [22, 24].
However, a specific frailty biomarker that can
differentiate this syndrome from longevity or other
age-associated diseases has not yet been identified and
there is not current consensus regarding a panel of
biomarkers that could screen frailty in clinical practice
[24, 45, 46]. In this review, we will present an update
about the sets of molecules related to oxidative stress
and inflammation currently considered as potential
biomarkers of frail individuals and their putative
association with the different components of frailty
syndrome.

they can generate undesired damaging and oxidizing
effects with molecules such as proteins, DNA, and
lipids. The intensity of this redox activity is termed
“oxidative stress” and an abnormally increased oxidative
stress is believed to be a major pathophysiological
mechanism underlying disease and aging.
Significant changes in oxidative biomarkers have been
detected among robust and frail groups [47]. Most
available studies show an increase in oxidative indicators
and reduced levels in antioxidant micronutrients in frail
individuals (Table 1). Moreover, current knowledge
points to a role of abnormal oxidative stress levels in the
development of frailty, which enabled the formulation of
"The free radical theory of frailty" [48].
Oxidative stress in physical frailty
One of the molecules proposed as oxidative stress
biomarker in frailty is the lipoprotein-associated
phospholipase A2 (Lp-PLA2) also known as plateletactivating factor acetylhydrolase. This enzyme belongs
to the A2 phospholipase family and catalyzes the
hydrolysis of phospholipids to pro-inflammatory
or pro-atherogenic lysophospholipids and fatty acids.
Interestingly, an association between increased Lp-PLA2
expression in blood and frailty was found in a cohort of
1,919 individuals (aged ≥60 years; 913 fit, 864 pre-frail,
and 142 frail) from the Framingham Offspring Study
[49]. However, the frail group presented an increased
incidence of cardiovascular diseases and this elevation
could not be specifically associated with frailty, since
Lp-PLA has been also proposed as a predictor of
cardiovascular disease and ischemic stroke [50].

Biomarkers of oxidative stress

Another postulated biomarker of oxidative stress is
8-isoprostane, a prostaglandin-like compound that
constitutes a biologically active metabolite produced by
the non-enzymatic peroxidation of arachidonic acid. The
function of 8-isoprostane ranges from vasoconstriction
to modulation of blood platelet aggregation, and the
level of 8-isoprostane rises with age [51]. Remarkably,
the Framingham Offspring Study found a significant
correlation between an increased level of urinary 8isoprostane and frailty [49]. Similar results were
reported within a group of 140 Japanese patients
diagnosed with AD (aged ≥65 years; 44 fit, 62 pre-frail,
and 34 frail) [52]. However, 8-isoprostane alone cannot
be considered as an specific marker of frailty since it
has been also proposed as marker of several diseases
related to aging such as obesity, lung damage by
tobacco, familial hypercholesterolemia, AD, and asthma
[53].

Reactive oxygen species (ROS) are active molecules
generated during enzymatic reactions that play a
physiological role under controlled conditions. However,

Other example is the 8-hydroxy-2'-deoxyguanosine
(8-OHdG), a product of oxidative DNA damage routinely
used to evaluate DNA integrity and mutagenesis under
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Table 1. Main biomarkers of oxidative stress associated with human physical and cognitive frailty.
TREND
BIOMARKER (FRAIL VS. SAMPLE
ROBUST)
Lp-PLA2

Increasing

Blood

Urine

MEDIAN/MEAN

MEDIAN/MEAN IN

PATIENTS

SETTING

FRAILTY

AUTHOR,

IN FRAIL GROUP

ROBUST GROUP

(total)

(country)

CRITERIA

YEAR (STUDY)

median [pM]: 210*

median [pM]: 199

Frail: 142

Community

Frailty

Liu et al., 2016

Pre-frail: 864

(USA)

phenotype

(Framingham

Robust: 913

(Fried et al.,

Offspring Study)

(1,919)

2001)

median [mg/L]:

median [mg/L]: 9.5

11.5*

Urine

Serum

Urine

Plasma

Plasma

Frail: 142

Community

Frailty

Pre-frail: 864

(USA)

phenotype

(Framingham

Robust: 913

(Fried et al.,

Offspring Study)

(1,919)

2001)

mean ± SD [mg/g

mean ± SD [mg/g

Frail: 34

Outpatients

Frailty

Namioka et al.,

Cre]: 342 ± 175***

Cre]: 235 ± 98

Pre-frail: 62

(Japan)

phenotype

2017

median [mg/L]: 2.5*

median [mg/L]: 1.0

Robust: 44

(Fried et al.,

(140)

2001)

Frail: 21

Community

Frailty

Pre-frail: 56

and

phenotype

Robust: 13

outpatients

(Fried et al.,

(90)

(Taiwan)

2001)

mean ± SD [pg/g

mean ± SD [pg/g

Frail: 34

Outpatients

Frailty

Namioka et al.,

Cre]: 3.90 ± 1.67

Pre-frail: 62

(Japan)

phenotype

2017

Robust: 44

(Fried et al.,

(140)

2001)

median [U.CARR]:

median [U.CARR]:

Frail: 210

Community

Frailty

Saum et al., 2015

371.6***

339.6

Pre-frail: 1,463

(Germany)

phenotype

(ESTHER Cohort

Robust: 845

(Fried et al.,

Study)

(2,518)

2001)

mean ± SD

mean ± SD

Frail: 34

Outpatients

Frailty

Namioka et al.,

[U.CARR]: 485 ±

[U.CARR]: 418 ± 65

Pre-frail: 62

(Japan)

phenotype

2017

(Fried et al.,

Robust: 44

2001)

(140)
Increasing

Plasma

carbonyls

Increasing

Increasing

TTL

Reduction

Plasma

Plasma

Plasma

mean ± SD [a.u.]:

mean ± SD [a.u.]:

77.60 ± 15.60*

64.36 ± 14.29

NA**

NA

Reduction

Plasma

Community

Frailty

Inglés et al., 2014

(Spain)

phenotype

(Toledo Study for

Robust: 410

(Fried et al.,

Healthy Aging)

(742)

2001)

Pre-frail: 278

Frail: 43

Outpatients

Frailty

Serviddio et al.,

Pre-frail/

(Italy)

phenotype

2009

Robust: 19

(Fried et al.,

(62)

2001)

median ± SD [µM]:

Frail: 54

Community

Frailty

Inglés et al., 2014

3.28 ± 2.45***

2.11 ± 1.80

Pre-frail: 278

(Spain)

phenotype

(Toledo Study for

Robust: 410

(Fried et al.,

Healthy Aging)

(742)

2001)

median [µM]:

median [µM]: 342.1

mean ± SD [μmol/L]: mean ± SD [μmol/L]:
2,390 ± 680*
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Frail: 54

median ± SD [µM]:

302.9***

BAP

Wu et al., 2009

Cre]: 5.39 ± 2.23***

86***

Protein

Liu et al., 2016

2,599 ± 627
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Frail: 210

Community

Frailty

Saum et al., 2015

Pre-frail: 1,463

(Germany)

phenotype

(ESTHER Cohort

Robust: 845

(Fried et al.,

Study)

(2,518)

2001)

Frail: 34

Outpatients

Frailty

Namioka et al.,

Pre-frail: 62

(Japan)

phenotype

2017

Robust: 44

(Fried et al.,

(140)

2001)
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VITAMIN E

Reduction

Plasma

median [µM]: 26.7*

median [µM]: 29.6

(α-tocopherol)

Plasma

median [µM]:

median [µM]: 29.0

27.6***

Frail: 54

Community

Frailty

Ble et al., 2006

Pre-frail: 313

(Italy)

phenotype

(InCHIANTI

Robust: 460

(Fried et al.,

study)

(827)

2001)

Frail: 290

Community

Frailty

Robust: 1,034

and

phenotype

Pilleron et al.,
2019

(1,324)

outpatients

(Fried et al.,

(FRAILOMIC

(France,

2001)

initiative)
Rietman et al.,

Spain, Italy)
Serum

median (IQR)

median (IQR)

Frail: 199

Community

Tilburg Frailty

and

[μmol/L]:

[μmol/L]:

Robust: 1,628

(14 European

Indicator

2019

buccal

26.6 (22.5-32.1)*

27.8 (23.6-32.6)

(1,944)

countries)

(Gobbens et

(MARK-AGE

al., 2010)

study)
Rietman et al.,

mucosal
cells
α-carotene

Reduction

Serum

median (IQR)

median (IQR)

Frail: 64

Community

Frailty

and

[μmol/L]:

[μmol/L]:

Robust: 1,628

(14 European

phenotype

2019

buccal

0.10 (0.05-0.16)**

0.15 (0.09-0.25)

(2,128)

countries)

(Fried et al.,

(MARK-AGE

2001)

study)
Rietman et al.,

mucosal
cells
β-carotene

Reduction

Serum

median (IQR)

median (IQR)

Frail: 64

Community

Frailty

and

[μmol/L]:

[μmol/L]: 0.58

Robust: 1,628

(14 European

phenotype

2019

buccal

0.39 (0.26-0.55)*

(0.37-0.88)

(2,128)

countries)

(Fried et al.,

(MARK-AGE

2001)

study)
Rietman et al.,

mucosal
cells
β-cryptoxanthin

Reduction

Serum

median (IQR)

median (IQR)

Frail: 199

Community

Tilburg Frailty

and

[μmol/L]: 0.15 (0.07-

[μmol/L]: 0.22

Robust: 1,628

(14 European

Indicator

2019

buccal

0.37)***

(0.12-0.38)

(1,944)

countries)

(Gobbens et

(MARK-AGE

al., 2010)

study)
Rietman et al.,

mucosal
cells
zeaxanthin

Reduction

Serum

median (IQR)

median (IQR)

Frail: 199

Community

Tilburg Frailty

and

[μmol/L]: 0.036

[μmol/L]: 0.044

Robust: 1,628

(14 European

Indicator

2019

buccal

(0.022-0.054)***

(0.028-0.065)

(1,944)

countries)

(Gobbens et

(MARK-AGE

al., 2010)

study)

mucosal
cells

Lp-PLA2: lipoprotein-associated phospholipase A2; 8-OHdG: 8-hydroxy-2'-deoxyguanosine; d-ROM: derivatives of reactive
oxygen metabolites; MDA: malondialdehyde; TTL: plasma total thiol; BAP: biological antioxidant potential; NA: not available;
SD: standard deviation; U.CARR: Carratelli units; a.u.: arbitrary units; IQR: interquartile range. Asterisks represent p-value
(frail compared with robust individuals): *p<0.05; **p<0.01; ***p<0.001. Only statistically significant results were included.

oxidative stress on several diseases and aging. A
significant increase of 8-OHdG was found in frail elders
within a group of 90 participants selected from the
Chinese population (aged ≥65 years; 13 fit, 56 pre-frail,
and 21 frail) [54]. Remarkably, a similar increase was
found in the frail group from the Japanese cohort
mentioned above [52].
Other compounds suggested as potential biomarkers of
oxidative stress in frailty are the derivatives of reactive
oxygen metabolites (d-ROM), which measure the total
oxidant capacity that is mainly due to hydrogen
peroxide levels detected by oxidization of chromogenic
substrates [55]. Thus, a total of 2,518 German
participants (aged ≥50 years; 845 fit, 1,463 pre-frail,
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and 210 frail) from the ESTHER Cohort Study were
examined and increased d-ROM levels were strongly
associated with frailty [56]. A significant increase for dROM was also found among the frail group from the
Japanese cohort described above [52]. However, dROM has also been proposed as an indicator of
cardiovascular disease and it has been related to all
causes of mortality in elders as well [57], therefore
excluding it as a selective biomarker of frailty.
The level of carbonylated circulating proteins, wellestablished as an indicator of protein oxidative damage,
constitutes another candidate for oxidative stress
biomarker in frailty. Thus, increased plasma levels of
protein carbonylation have been associated with frailty,
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but not to age or sex, in a sample of 742 participants
(aged 65–95 years; 410 fit, 278 pre-frail, and 54 frail)
from the Toledo Study for Healthy Aging (TSHA)
cohort [58]. Interestingly, previous studies on older
women from the Women's Health and Aging Study I
(WHAS I) cohort showed that high serum protein
carbonyl levels also correlated with poor grip strength
[59] and constituted an independent predictor of decline
in walking speed and progression to severe walking
disability [60]. Moreover, a study performed on
institutionalized individuals older than 65 years, with
variable degree of dependence based on their Barthel
Index, has proposed protein carbonyls as the most
accurate marker for severe dependence among other 11
oxidative stress markers [61].
Other markers of oxidative stress have been proposed as
biomarkers of frailty, although with contradictory
results. For instance, the metabolite malondialdehyde
(MDA), which is generated as a consequence of lipid
peroxidation and whose presence in serum is indicative
of lipid oxidative damage [62]. Plasma MDA levels
were found significantly increased in frail elders from
the TSHA cohort independent of sex or age [58] and
also in a sample of 62 Italian elderly outpatients [63].
However, other studies found no significant differences
between frail and non-frail groups [64], and indeed,
MDA seems to correlate well with age, indicating that it
might be a good marker of aging [65].
With regard to antioxidants, thiols such as glutathione,
cysteine, and homocysteine, represent the majority of
overall antioxidant mechanisms that protect organisms
against oxidative damage. The plasma total thiol (TTL)
assay is frequently used to evaluate the physiological
antioxidant capacity and consists of determining free
thiol groups in serum proteins by their interaction with
the chromogen 5,5′-dithiobis(2-nitrobenzoic acid)
(DTNB) [66]. The study on German individuals from
the ESTHER Cohort Study found a significant decrease
of TTL in the frail group, indicating a reduction in the
overall antioxidant capacity among frail individuals and
suggesting this test as a good indicator of frailty
condition [56]. It is also interesting to mention the
results obtained from the biological antioxidant
potential (BAP) test, designed to assess the global
antioxidant activity of blood plasma and based on the
idea that oxidative damage occurs when ROS activity
exceeds the physiological antioxidant capacity. Thus,
two recent studies measured BAP capacity. One of them
found significantly lower BAP levels in Japanese frail
elders [52], while the study performed in German
participants selected from the ESTHER Cohort Study
did not found significant differences [56], suggesting
that additional studies need to be completed to confirm
the efficacy of the BAP test. Another recent paper
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shows that the mRNA expression of several
antioxidants is decreased in frail individuals [67],
supporting the idea that a weakened antioxidant defense
plays a role in frailty.
On the other hand, vitamins and carotenoids are
micronutrients that exhibit a remarkable antioxidant
activity, especially in the case of fat-soluble vitamins A
and E. The association between decreased levels of
these compounds and frailty exists but it is still
controversial. For instance, α-tocopherol (the most
commonly absorbed form of vitamin E in humans) is
converted to α-tocopheroxyl in the presence of ROS, so
a decreased amount of vitamin E implies a high
conversion activity and therefore high oxidative stress.
Two studies found a significant association between
low circulating vitamin E levels and frailty: one based
on 827 Italian participants (aged ≥65 years; 460 fit, 313
pre-frail, and 54 frail) from the Invecchiare in Chianti
study (InCHIANTI) cohort [68] and other performed on
1,324 older adults 65 years of age and older from
Approche Multidisciplinaire Intégrée (AMI) (Gironde,
France), Three-City (Bordeaux, France), TSHA
(Toledo, Spain), and InCHIANTI (Tuscany, Italy)
cohorts as part of the FRAILOMIC initiative [69].
Interestingly, both reports found a significant reduction
of circulating vitamin E among individuals of the frail
group, indicating an increased oxidative stress among
frail individuals. However, other analyses focused on
elderly women from the WHAS I cohort [64, 70] or
participants recruited from Geriatric Day programs [64,
70] did not find any correlation between changes in
vitamin E and frailty. Similar inconsistent results were
found in studies for vitamin A and other antioxidants
such as carotenoids [70, 71], although recent data from
the European study to establish biomarkers of human
ageing (MARK-AGE) study shows that physical frailty
is significantly associated with lower levels of
carotenoids such as α-carotene, β-carotene and βcryptoxanthin [72]. In this sense, it should be noted that
serum vitamin levels can be easily altered with diet or
during disease, facts that might complicate the
interpretation of these results.
Oxidative stress in cognitive frailty
The identification of molecular markers for cognitive
decline in the context of frailty is still very much in its
early stage. Among them, recent studies have detected
the link between cognitive frailty and oxidative stress.
Thus, the MARK-AGE study has recently found that
lower levels of two carotenoids (i.e., zeaxanthin and βcriptoxanthin) were associated with cognitive frailty and
could predict the risk of developing frailty at cognitive
level [72]. Furthermore, the same study also suggested
that a decreased level of α-tocopherol is a biomarker for
cognitive frailty. Levels of MDA and protein carbonyls
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have been associated with cognitive frailty as well [41].
Additional results obtained from the MARK-AGE study
highlight the important role of oxidative stress in the
pathophysiology of frailty. Indeed, several carotenoids
were independently identified as specific biomarkers for
physical and cognitive frailty, as well as for
psychosocial frailty.
Biomarkers of inflammation
The development of a low-grade, chronic proinflammatory status in the elderly (i.e., inflammaging)
is a physiological condition widely associated with
aging and, more recently, also with the pathophysiology
of frailty [73, 74].
Inflammation in physical frailty
The first experimental evidence that linked
inflammation to frailty come from a pilot study of Leng
and colleagues (2002), who found higher serum levels
of interleukin 6 (IL-6) in frail individuals within a group
of community-dwelling elders [75]. In the same year,
findings from the CHS cohort showed that several proinflammatory markers such as C-reactive protein
(CRP), factor VIII, and fibrinogen were elevated in frail
compared to robust older adults, which supports the role
of inflammation in the pathophysiology of frailty [76].
Remarkably, these findings have been validated in
several cohort studies to date [77–79] and also for prefrail individuals that show increased IL-6 and CRP [79].
Interestingly, Darvin and colleagues (2014) using a
proteomics-based screening approach reported that
higher levels of IL-6 and inflammatory glycoproteins
such as transferrin and fibrinogen, but not haptoglobin,
were associated with the frail group [78]. Moreover, IL6 and hemoglobin or hematocrit were inversely
correlated in frail patients vs. non-frail individuals,
which links inflammation and anemia with frailty [75].
Furthermore, elevated levels of cytokines, especially in
the case of IL-6, lead to accelerated protein catabolism
and also induce the synthesis of acute-phase proteins
such as CRP, haptoglobin, fibrinogen, or factor VIII,
which could identify frail and pre-frail individuals [79].
Additional inflammatory markers such as the C-X-C
motif chemokine ligand 10 (CXCL10) have been also
associated with frail individuals [80, 81]. Apart from
classical inflammatory markers, other molecules have
been assessed in recent years. Such is the case of
neopterin, a catabolic product of guanosine triphosphate
(GTP) that is produced by human monocyte-derived
macrophages and considered a sensitive indicator of
immune activation and pro-inflammatory status.
Serum concentration of neopterin is increased with
age, so elevated levels have been associated with high
risk of frailty and mortality in elderly people from a
cohort of 133 individuals [82]. The association
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between high neopterin levels and frailty was
independent of IL-6 levels, suggesting potential
monocyte/macrophage-mediated immune activation in
frailty status [82].
Inflammation in cognitive frailty
The role of inflammation in the development of
cognitive frailty remains poorly understood and only a
few studies have addressed it. Thus, individuals with
cognitive frailty presented high levels of inflammatory
cytokines such as IL-6, tumor necrosis factor alpha
(TNF-α), interleukin 18 (IL-18), interleukin 1 beta (IL1β), and/or CRP [41, 83], but decreased levels of
hematological and endocrinal markers, and poorer
nutrition [41]. Moreover, a recent study linked a high
inflammatory state (established as serum fibrinogen
levels greater than 339 mg/dL) in individuals with
“potentially reversible cognitive frailty” (i.e., physical
frailty plus mild cognitive impairment) with an
increased risk to progress to disability [84]. Notably,
inflammation and oxidative stress constitute biological
processes that are strongly interconnected. Thus, ROS
production by the immune system leads to increased
levels of pro-inflammatory cytokines, whereas
inflammation triggers cellular side effects, such as
generation of free radicals and subsequent oxidative
damage, and also the depletion of antioxidants. In
summary, these studies confirm that high levels of
cytokines and other inflammatory markers in blood
are considered as potential biomarkers of different
frailty domains (Table 2), suggesting that physical and
cognitive frailty might share some biological pathways
and highlighting the relevance of inflammation in frailty
in the clinical setting.

Frailty in mice
The advances in the clinical characterization of frailty
have been paralleled with preclinical studies in mice.
These have facilitated the description of several scores to
measure frailty in mice mostly based on Fried´s frailty
phenotype or the FI, and also the generation of models to
understand frailty and its underlying molecular basis,
though this remains poorly understood [85].
Scales to measure frailty domains in mice
The scores to measure frailty in mice are adapted from
the scaling systems used in clinical assessments and
include: 1) A method to quantify frailty based on deficit
accumulation of 31 variables related to activity levels,
hemodynamic status, body composition, and metabolism
that exhibits key features of the FI in humans, and is
subsequently called “Frailty index” [86, 87]. 2) A
“clinically relevant frailty index for mice” including
measurements of four out of five Fried´s criteria
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Table 2. Main biomarkers of inflammation in human frailty.
TREND
MEDIAN/MEAN
MEDIAN/MEAN
IN ROBUST
BIOMARKER (FRAIL VS. SAMPLE
IN FRAIL GROUP
ROBUST)
GROUP
Serum

PATIENTS

SETTING

FRAILTY

(total)

(country)

CRITERIA

mean ± SD [pg/mL]:

mean ± SD

Frail: 11

Community

4.4 ± 2.9*

[pg/mL]: 2.8 ± 1.6

Robust: 19

(USA)

mean ± SD [pg/mL]:

mean ± SD

Frail: 234

Community

Frailty phenotype

0.6 ± 0.98**

[pg/mL]: 0

Pre-frail: 1,854

(USA)

(Fried et al., 2001)

AUTHOR,
YEAR
(STUDY)

Frailty phenotype Leng et al., 2002
(Fried et al., 2001)

(30)
Serum

Serum

Barzilay et al.,
2007

Robust: 738

(Cardiovascular

(2,826)

Health Study)

mean ± SD [pg/mL]:

mean ± SD

Frail: 16

Community

Frailty phenotype

3.0 ± 1.6*

[pg/mL]: 1.6 ± 1.3

Robust: 16

(USA)

(Fried et al., 2001)

mean ± SD [pg/L]:

mean ± SD

Frail: 50

Community

2.60 ± 1.63**

[pg/L]: 1.78 ±

Pre-frail: 32

(USA)

1.86

Robust: 51

mean ± SD [pg/mL]:

mean ± SD

Frail: 12

Community

Frailty phenotype

Darvin et al.,

58.3 ± 10.2***

[pg/mL]: 43.4 ±

Pre-frail: 31

(USA)

(Fried et al., 2001)

2014

11.4

Robust: 22

mean ± SD [mg/L]:

mean ± SD

Frail: 299

Community

Frailty phenotype

Walston et al.,

5.5 ± 9.8***

[mg/L]: 2.7 ± 4.0

Pre-frail: 2,147

(USA)

(Fried et al., 2001)

Qu et al., 2009

(32)
Serum

Frailty phenotype Leng et al., 2011
(Fried et al., 2001)

(133)
Plasma

(65)
Plasma

Health Study)

(4,735)
Serum

mean ± SD [mg/L]:

mean ± SD

Frail: 234

Community

Frailty phenotype

4.2 ± 5.5***

[mg/L]: 3.0 ± 4.7

Pre-frail: 1,854

(USA)

(Fried et al., 2001)

Serum

[mg/L]: 5.0 (3.0-

[mg/L]: 3.0 (2.0-

13.0)*

5.0)

2007
Health Study)

(2,826)
median (IQR)

Barzilay et al.,
(Cardiovascular

Robust: 738
median (IQR)

2002
(Cardiovascular

Robust: 2,289

Frail: 63

Inpatients,

Frailty phenotype

Hubbard et al.,

Pre-frail: 25

outpatients

(Fried et al., 2001)

2009

Robust: 22

and

+

(110)

community

Frailty Index

(UK)

(Rockwood et al.,
2005)†

TNF-α

Increasing

Plasma

mean ± SD [pg/mL]:

mean ± SD

Frail: 63

Inpatients,

Frailty phenotype

Hubbard et al.,

3.19 ± 2.68**

[pg/mL]: 1.50 ±

Pre-frail: 25

outpatients

(Fried et al., 2001)

2009

0.89

Robust: 22

and

+

(110)

community

Frailty Index

(UK)

(Rockwood et al.,
2005)†

Factor VIII

Increasing

Plasma

mean ± SD [mg/dL]:

mean ± SD

Frail: 299

Community

Frailty phenotype

13,790 ± 4,480***

[mg/dL]: 11,860 ±

Pre-frail: 2,147

(USA)

(Fried et al., 2001)

3,460
Plasma
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2002

Robust: 2,289

(Cardiovascular

(4,735)

Health Study)

mean ± SD [mg/dL]:

mean ± SD

Frail: 299

Community

Frailty phenotype

34,070 ± 7,860***

[mg/dL]: 31,330 ±

Pre-frail: 2,147

(USA)

(Fried et al., 2001)

6,090

Robust: 2,289

mean ± SD [mg/dL]:

mean ± SD

Frail: 234

Community

Frailty phenotype

321.9 ± 61.4**

[mg/dL]: 309.4 ±

Pre-frail: 1,854

(USA)

(Fried et al., 2001)

58.9

Robust: 738

(Cardiovascular

(2,826)

Health Study)
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Walston et al.,
2002
(Cardiovascular
Health Study)

(4,735)
Plasma

Walston et al.,

Barzilay et al.,
2007

AGING

Plasma

mean ± SD [g/L]:

mean ± SD [g/L]:

Frail: 12

Community

Frailty phenotype

Darvin et al.,

70.4 ± 17.5***

40.6 ± 9.3

Pre-frail: 31

(USA)

(Fried et al., 2001)

2014

Robust: 22
(65)
Transferrin

Increasing

Plasma

mean ± SD [ng/mL]:

mean ± SD

Frail: 12

Community

Frailty phenotype

Darvin et al.,

58.3 ± 10.2***

[ng/mL]: 43.4 ±

Pre-frail: 31

(USA)

(Fried et al., 2001)

2014

11.4

Robust: 22
Qu et al., 2009

(65)
CXCL10

Increasing

Total RNA mean ± SD (relative

mean ± SD

Frail: 16

Community

Frailty phenotype

from

expression levels):

(relative

Robust: 16

and

(Fried et al., 2001)

monocytes

1.05 ± 0.88*

expression levels):

(32)

outpatients

0.53 ± 0.39
Neopterin

Increasing

Serum

(USA)

mean ± SD [nM]:

mean ± SD

Frail: 50

Community

10.53 ± 5.49***

[ng/mL]: 8.56 ±

Pre-frail: 32

(USA)

1.80

Robust: 51

Frailty phenotype Leng et al., 2011
(Fried et al., 2001)

(133)

IL-6: interleukin 6; CRP: C-reactive protein; TNF-α: tumor necrosis factor alpha; CXCL10: C-X-C motif chemokine ligand 10; SD:
standard deviation; IQR: interquartile range. Asterisks represent p-value (frail compared with robust individuals): *p<0.05;
**p<0.01; ***p<0.001. Only statistically significant results were included. †Only values from patients categorized according to
Fried´s frailty phenotype criteria were included for comparison purposes.

(weakness, low activity, poor endurance, and slowness,
but not unintentional weight loss) by inverted-cling grip
test, rotarod test, voluntary wheel running, and derived
endurance scores from grip and rotarod tests [88]. Other
measurement scales have been proposed following the
five Fried’s criteria such as the “Valencia score”, which
assesses several parameters (weight loss, running time
and speed, grip strength, and motor coordination) that
are equivalent to the key features described by Fried in
humans [89]. In particular, body weight recording,
treadmill test, grip strength test, and tightrope test were
performed to evaluate the frailty status of mice.

Since there are some promising correlations between
human and mouse frailty, it may be worthwhile to
include tests to measure cognitive frailty in mice
studies. In this regard, the “Valencia score” includes the
tightrope test to resemble the low physical activity
criterion [89], but this test also measures neuromuscular
coordination activity [93], so it may be informative
about aspects of the cognitive component of frailty. In
agreement with this, other well-established cognitive
tests such as the Elevated Plus Maze, the Open field,
and the Morris Water Maze are starting to be used to
measure cognitive frailty [90].

Taking advantage of the mouse clinical frailty index,
some biological biomarkers have been associated with
frailty in mice such as lower levels of alanine aminotransferase (ALT), alkaline phosphatase (ALP),
creatinine, and albumin. In addition to these serum
biomarkers, reduced heart rate and heart rate variability
were also correlated with frailty [90]. Notably, all of
these measures had been previously related to frailty in
humans.

Mouse models of frailty: relevance of oxidative stress
and inflammation

Paralleling studies in humans, mice frailty seems to be
reversible and different reports have shown that
exercise intervention is able to delay the onset of frailty
and the increase in the level of markers of oxidative
stress [89, 91, 92]. These results support the idea that
the mouse can be a good model to study the biology and
mechanisms of frailty development, with as far as
possible those related to physical frailty, and may also
provide the opportunity to identify novel biomarkers
that can be translated to humans.
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Although still in early days, the study of aged mice,
using the scales described above, and the generation of
several mouse models, are beginning to unravel the
underlying molecular mechanisms of frailty syndrome.
In particular, oxidative stress and inflammation are
mechanisms already associated with frailty in mice
(Table 3).
The IL-10tm/tm mouse model, which does not express the
anti-inflammatory cytokine interleukin 10 (IL-10), was
the first proposed mouse model of frailty [94] and it
closely resembles human frail phenotypes, including
chronic inflammation, with increased levels of cytokines
such as IL-1β, IL-6, or TNF-α, muscle weakness, or
impaired cardiac and vascular function [94–96].
Additional support for the role that inflammation has in
frailty development comes from the Nfκb1−/− mice, in
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Table 3. Main mouse models of frailty.
ALTERED
PATHWAY(S)

MOUSE
MODEL

GENETIC
MODIFICATION

FRAILTY PHENOTYPE

FRAILTY
SCALE(S)

G6PD-Tg

Transgenic
C57BL6/J-OlaHsd
mice with
overexpression of
human G6PD

Increased median lifespan,
improved neuromuscular fitness
and glucose metabolism, higher
NADPH levels, lower ROSderived damage levels

Rotarod
performance
test

Nóbrega-Pereira
et al., 2016

Cu/Zn
superoxide
dismutase
knockout
(Sod1KO)

Deletion of Sod1 gene

Decreased lifespan, weight loss,
weakness, low physical activity
and exhaustion, sarcopenia,
higher oxidative damage,
increased levels of NF-κB and
pro-inflammatoy cytokines

Fried´s frailty
phenotype

Deepa et al., 2017

IL-10tm/tm

Deletion of IL-10
gene

Decreased lifespan, reduced grip
strength, increased IL-6 levels
and other pro-inflammatory
cytokines

Fried´s frailty
phenotype

Walston et al.,
2008 Ko et al.,
2012

Nfκb1−/−

Knockout of the nfkb1
subunit of NF-κB

Reduced lifespan, body mass
loss, impaired neuromuscular
coordination, cachexia, increased
IL-6 levels, cardiac hypertrophy,
CD3+ infiltration

Tightrope test
and agingassociated
phenotypes

Jurk et al., 2014

REFERENCE(S)

G6PD: glucose-6-phosphate dehydrogenase; SOD1: superoxide dismutase 1; IL-10: interleukin 10; NF-κB: nuclear factor kappa
B; ROS: reactive oxygen species; IL-6: interleukin 6; TNF-α: tumor necrosis factor alpha.

which the deficiency of nuclear factor kappa B (NFκB) p105/p50 subunits results in chronic low grade
inflammation and accelerated aging, and includes
phenotypes closely related to frailty such as
sarcopenia, body weight loss, and cardiac hypertrophy
[97]. The elevated expression of some of the most
relevant pro-inflammatory biomarkers of frailty in
humans, such as IL-6 or TNF-α, in frail aged mice
defined by the frailty scales cited before [92], further
highlights the impact of inflammation as a biomarker
and driver of frailty.
Studies in a transgenic mouse model with moderate
overexpression of the antioxidant glucose-6-phosphate
dehydrogenase (G6PD), the enzyme responsible for
NADPH protection against oxidative damage, revealed
that these mice exhibit increased resilience in response
to age-associated decline of muscular and brain function
[98]. Therefore, this suggests that a lower accumulation
of oxidative damage delays the onset of physical and
cognitive frailty in mice. Moreover, elevated oxidative
stress has been associated with the premature incidence
of frailty features as established in humans. Thus, the
Cu/Zn superoxide dismutase knockout mouse (Sod1KO)
exhibits four characteristics (weight loss, weakness, low
physical activity, and exhaustion) that were originally
used by Fried [99], underscoring the importance of
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oxidative stress as a mechanism of frailty development.
In addition, these mice showed increased inflammation
and sarcopenia, as well as alterations in pathways that
have been linked to the etiology of frailty such as
oxidative stress, mitochondrial dysfunction, and cell
senescence, which have all been strongly related to
human frailty [99]. Further evidence of the impact of
oxidative stress in mice frailty comes from studies with
the IL-10tm/tm mouse model, which presents elevated
accumulation of oxidative damage in skeletal muscle
[94, 100]. Together, these results highlight the value of
these animal models in frailty research.

CONCLUDING REMARKS
Many independent studies have revealed multiple
putative biomarkers associated with frailty status at
biological level. However, there are currently no
accepted biomarkers that can be used as a reliable
predictor of frailty across research and/or clinical fields.
This is mainly attributable to limitations such as the
heterogeneity of the tools, scales, and/or indices used to
identify frail individuals, the limitations of some of the
scales, the different age, sex, and characteristics across
different populations, small sample sizes, limited
longitudinal clinical studies, or the different techniques
and cut-offs used for biomarker measurement.
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Therefore, there is still a need for more robust
biological biomarkers for accurate molecular
identification of frail subjects. In this sense, it is now
evident that efforts in the search of suitable frailty
biomarkers should be directed to a panel of blood
biomarkers rather than an assessment of individual
molecules. This would contribute to better reflect the
accumulation of damage and predict the risk of
mortality in frail individuals, as recently highlighted
[101]. Moreover, the majority of the proposed frailty
biomarkers have been determined based on the frailty
phenotype, which mostly measures reduced physical
function. More studies should be conducted on the
basis of deficit accumulation approach, also taking
into account the cognitive domain of frailty as well as
additional components.
Importantly, oxidative stress and inflammation are the
most frequent pathways differentially expressed
in frail compared to robust individuals [41, 72, 83].
Therefore, oxidative damage and inflammationassociated biomarkers exhibit the potential to become
reliable frailty biomarkers; however, an exclusive
biomarker of these processes that specifically
identifies frailty in human samples has not yet
been found, as they are also altered in aging and
different age-associated diseases [52, 102]. Similarly,
dysregulation of these processes is also common in
frail mice. Moreover, the generation of mouse models
such as IL-10tm/tm, Sod1KO, or transgenic mice for
G6PD, which display multiple phenotypes of frailty,
highlight the relevance of oxidative stress and
inflammation in the pathophysiology of this syndrome.
Indeed, results from clinical and preclinical studies
have led to postulate the “free radical theory of
frailty”, which proposes that oxidative damage is
associated with frailty but not with chronological age
itself [48]. Overall, the analysis in human studies and
preclinical models is bringing to light the relevance of
oxidative stress and inflammation as potential
biomarkers and drivers of frailty.
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