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Abstract Frailty is a geriatric syndrome defined as a
status of extreme vulnerability to stressors, leading to a
higher risk of negative health-related outcomes.
“Inflammaging”, an age-related state of low-grade
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chronic inflammation, is characterized by an increased
concentration of pro-inflammatory cytokines and acute
phase proteins. Inflammaging has been postulated as an
underlying mechanism of frailty, and several studies
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tested the relationship between frailty and concentration
of inflammatory mediators. The aim of this systematic
review and meta-analysis was to test whether inflamma-
tory mediators are overproduced in frail older adults.
Among the 758 articles identified in the literature
search, 50 were included in the systematic review, and
39 in the three meta-analyses, i.e., C-reactive protein
(CRP), interleukin 6 (IL6), and tumor necrosis factor .
To reduce heterogeneity, meta-analyses were restricted
to studies identifying frailty by the Fried et al. [1] [J.
Gerontol. A. Biol. Sci. Med. Sci. 56, M146-56] pheno-
typic criteria. Quantitative analyses measuring the asso-
ciation between frailty and biomarker concentrations
showed significant differences when frail subjects were
compared to non-frail and pre-frail subjects for CRP and
IL6. This work established strong association between
inflammatory biomarkers and frailty, confirming the
role of age-related chronic inflammation in frailty
development.

Keywords C-reactive protein - Frailty - Inflammaging -
Interleukin 6 - Tumor necrosis factor alpha - Older adults

Introduction

Populations around the world are rapidly aging because
of declining fertility rates and increasing longevity, and
this trend is well established from the most developed
countries to the lowest income regions [2]. These critical
sociodemographic changes require a realignment of
health and social systems to better address the unmet
needs of older people, independently of their socioeco-
nomic background [3]. Predictions suggest that by the
end of the century, people aged 65 years or older will be
nearly triple in comparison to 2019 figures, and popu-
lation aged 80 years or above will grow even faster,
increasing nearly six-fold by 2100 [4]. In this context,
the obsolete concept of “chronological age” is being
replaced by the more accurate and person-tailored pa-
rameter of “biological age” to classify older people on
the basis of their physiological state [5]. Thus, frailty
represents a decline in an individual’s physiological
state, constituting a transition phase between successful
aging and disability [6].

Frailty is increasingly recognized as an important and
common geriatric syndrome. It is defined as a status of
extreme vulnerability to endogenous and exogenous
stressors leading to a higher risk of negative health-
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related outcomes, including institutionalization, falls,
hospitalization, and mortality [7]. These adverse out-
comes constitute a source of considerable healthcare
expenditure; therefore, the reduction of aging-related
adverse health outcomes would lead to a restraint in
medical costs [8]. Frailty is bidirectional and may be
prevented, postponed, or even reverted with specific
interventions and personalized health strategies [9].
Since frailty is considered a multidimensional syn-
drome, its causes are complex and generally based on
the interplay of genetic, biological, physical, psycholog-
ical, social, and environmental factors [10].

Due to this multicausal nature, currently there is no
international consensus on the definition of frailty; sev-
eral operational approaches exist for identifying this
syndrome. Nowadays, there is a plethora of frailty mea-
surements. A recent systematic review conducted by
Dent et al. [11] reported 29 different frailty instruments
and concluded that it is necessary to develop a unified
criterion to establish a standard measurement for frailty.
This would allow comparisons between epidemiologi-
cal studies, as well as to standardize frailty identification
in the clinical practice. The two most commonly used
tools to identify frailty are the phenotypic description
developed by Fried et al. [1] and the frailty index (FI)
based on the cumulative model proposed by Rockwood,
Mitnitski, and colleagues [12, 13]. The model proposed
by Fried et al. [1] is based on the presence or absence of
five specific phenotypic components related to physical
fitness and metabolism, namely unintentional weight
loss, weakness, exhaustion, low physical activity, and
slow walking speed. The FI is based on the accumula-
tion of functional deficits, extending beyond the physi-
cal definition of Fried’s model, to include cognitive
decline, chronic diseases, environmental risk factors,
psycho-social risk factors, geriatric syndromes (e.g.,
falls, delirium, and urinary incontinence), and even
age-related disabilities [14]. The huge amount of mod-
ifications of Fried’s frailty phenotype (specifically 264),
and in general the large heterogeneity in recognizing the
presence of frailty, even when the same tool is used, has
been reviewed by Theou et al. [15], who showed as
modifying phenotypic criteria may change the estima-
tion of the frailty prevalence, leading to potentially
different classifications and results.

Aging-related alterations in the immune response,
both humoral and cellular, that compromise the process
of generating specific responses to foreign and self-
antigens have been defined as “immunosenescence”
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[16]. This condition comprises a state of low-grade
chronic and systemic inflammation in aging, in the
absence of overt infection (“sterile” inflammation),
called “inflammaging” [17]. Inflammaging is character-
ized by increases in serum concentrations of pro-
inflammatory cytokines such as interleukin 6 (IL6),
tumor necrosis factor alpha (TNFx), as well as acute
phase proteins such as C-reactive protein (CRP), and
decreases in interleukin 10 (IL10), which impair the
maintenance of immunological homeostasis.

Inflammaging has been postulated to be an underly-
ing mechanism of frailty, and several studies tested the
possible relationship between frailty and altered concen-
trations of different inflammatory mediators. Indeed, a
systematic review and meta-analysis conducted by
Soysal et al. [18] reported that frailty and pre-frailty
are associated with higher levels of CRP and IL6, but
no significant effect was observed for TNF . Neverthe-
less, this previous review did not consider that frailty
identification criteria used in the original studies is a
major source of variability. Moreover, since this meta-
analysis was published, several new cross-sectional
studies assessing the relationship of different inflamma-
tory mediators with frailty status were published. Hence,
in order to provide an updated comprehensive and more
homogeneous picture of available data on this topic, a
critical review of the new available data has been carried
out, and meta-analyses focusing on those studies using
Fried’s criteria to identify frail subjects were conducted.
Aim of this new systematic review and meta-analysis
was to test the hypothesis that inflammatory mediators
are overproduced in frail older adults, a result that would
confirm the role of age-related chronic inflammation in
the development of frailty.

Methods

These systematic review and meta-analyses were con-
ducted and reported in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) Statement [19].

Eligibility criteria for the systematic review

Eligible studies embodied in this systematic review
were cross-sectional or longitudinal studies conducted
in humans, focused on populations of older adults (aged
60 years or above), and written in English or Spanish. In

all studies selected for the systematic review, partici-
pants had to be classified according to their frailty status
following any currently validated scale for frailty iden-
tification. Studies evaluating other immunological bio-
markers different from inflammatory mediators were
excluded (such as vitamin D or standard complete blood
count). Studies using frailty as a confounder, employing
a non-validated frailty identification tool, or conference
abstracts were also excluded from this review. If some
papers were published by the same author/s and were
carried out on the same population, only the most recent
or most complete report was considered.

Search strategy

Studies were identified through an extensive biblio-
graphic search using the PubMed database (National
Library of Medicine, National institutes of Health, Be-
thesda, MD, USA; http://www.ncbi.nih.gov/PubMed),
updated to June 2018. Two independent authors (DM-P
and VV) conducted the search following a search strat-
egy which comprised two terms that were intersected
using the Boolean term “AND”. The search term includ-
ed as first descriptor was related to frailty (“frail*”), and
the second one included descriptors related to immune-
inflammatory system and cytokines (“immun*”,
“inflamm*”, and “cytokines”). The search filter
“humans” was used to retrieve studies conducted only
in human subjects. Initial screening was focused on title
or abstract.

Data collection process

For each study complying with inclusion criteria, the
following information was collected independently by
two authors (DM-P and VV): country of origin for the
first author, size of the study population and of the
different frailty groups, gender distribution, mean age,
criteria used to identify frailty, and outcomes (circulat-
ing concentrations of inflammatory mediators) in each
frailty group.

Studies included in the meta-analysis

A meta-analysis was carried out when an adequate
number of studies (8 minimum) analyzing a specific
inflammatory biomarker was available, i.e., for CRP,
IL6, and TNF«x. Other inflammatory biomarkers, such
as IL-10, ICAM-1, or MCP-1, were not included in the
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meta-analysis even though in the systematic review,
they were found to be related to frailty status, since they
did not reach this minimum required number. Studies
included in the meta-analyses were those providing
mean =+ standard deviation (SD) for one or more of the
three biomarkers for each frailty group. For those studies
providing parameters different than means, e.g., me-
dians and confidence intervals (CI) or inter-quartile
ranges, or using biomarker concentrations as categorical
variables, emails were sent to corresponding authors
asking for the missing values at least twice. Studies for
which authors provided the requested data were includ-
ed in the meta-analyses. Besides, we decided to restrict
each meta-analysis to only those studies employing
Fried’s criteria (in original or modified version) to iden-
tify frail subjects, in order to reduce heterogeneity. Only
cross-sectional data were considered for the meta-
analyses; thus, in longitudinal prospective studies, only
baseline values of the biomarker concentrations were
included (follow-up values were dismissed).

Quality assessment

Quality assessment of studies included in the meta-
analyses was carried out independently by DM-P and
VV, while a third reviewer was available for mediation
(MS-F). The quality score (QS) was calculated for each
study to evaluate the standard of study design
(Online Resource 1). Each item of the QS scored from
1 to a maximum of 3 points based on reported data and
on the balance between frail subjects and controls for
most common potential confounders. When a specific
information was not available (i.e., age), 0 points were
assigned. Seven items were included in the QS, namely
(1) population size (1 point for less than 100 subjects, 2
points for 100-300 subjects, and 3 points for more than
300 subjects), (2) age-matching (1 point when the mean
age difference was higher than 10 years, 2 points when
the difference was 5-10 years, and 3 points when the
difference was lower than 5 years, (3) gender-matching
(1 point when the rate of one gender was either higher
than 0.60 or lower than 0.40, 2 points when this rate was
either 0.55-0.60 or 0.40-0.45, and 3 points when the
rate was higher than 0.45 and lower than 0.55), (4)
frailty balance (in studies with three frailty groups: 3
points when the rate of none of the groups was lower
than 0.3, 2 points when the rate of none of the groups
was lower than 0.25, and 1 point in the rest of cases; in
studies with two frailty groups: rules the same than those
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applied to gender-matching), (5) frailty measured by
geriatricians or specialized personnel (1 point in the
absence of description, 2 points if the specialization of
the personnel was not specified or they were not geria-
tricians or nurses, and 3 points if they were geriatricians
or nurses), and (6) number of frailty groups (1 point
when only non-frail and frail groups were reported, and
2 points when a pre-frail group was also included). The
minimum and maximum of total QS possible was 5 and
17, respectively.

Statistical analysis

All analyses were performed using the Comprehensive
R Archive Network (https://cran.r-project.org/). Data
were expressed as mean value of the biomarker
concentration (+ SD). Heterogeneity across studies
was assessed using the 7 and tested with the Cochran
O Chi-square statistics. Since most meta-analyses con-
ducted showed statistically significant heterogeneity
among the studies (* value of 50% or greater and P
value < 0.05), the pooled standardized mean differences
(SMD) with 95%CI were estimated using random-
effects models with method according to Dersimonian
and Laird [20]. Publication bias was assessed by visu-
ally inspecting funnel plots and using the Egger’s bias
test. Whenever a significant result (P < 0.05) was found,
the trim-and-fill method was used to adjust for any
potential unpublished studies. The presence of con-
founders or effect modifiers was tested with a meta-
regression analysis; the final model included year of
publication, quality of the study (QS) as a continuous
variable as covariates. A sensitivity analysis was per-
formed removing one by one those studies with the most
extreme values of SMD [21].

Results

Seven hundred and fifty-eight articles were initially
identified in the literature search. After removal of du-
plicates, 588 articles were screened for potential eligi-
bility (see flow chart in Fig. 1), and after excluding
another 478 articles on the basis of title and abstract,
110 were selected for full-text assessment of eligibility.
Thirty-one of those studies fitted with the selection
criteria and were selected for analysis. Eighteen addi-
tional publications were identified from the references
section of these manuscripts and included in the meta-
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analysis. At the end of this process, 49 studies published
between 2002 and 2018 analyzing frailty and inflamma-
tion parameters fulfilled the inclusion/exclusion criteria
and were included in this review. Among them, 35
studies (70%) associated frailty to CRP, 33 studies
(66%) evaluated 1L6, 13 studies (26%) reported data
for TNFa, and 12 (24%) analyzed other different in-
flammation biomarkers, including IL10, soluble TNF
receptors I (STNF-RI) and II (STNF-RII), intercellular
adhesion molecule 1 (ICAM-1), monocyte
chemoattractant protein-1 (MCP-1), and IL6 receptor
(IL6-R).

Table 1 shows the characteristics of the studies in-
cluded in the systematic review. None of the studies
found written in Spanish fulfilled the inclusion criteria.
Among the studies included, 48% evaluated more than
one of the three main biomarkers (CRP, IL6, TNFx),
and 71% of them evaluated CRP and IL6. According to
the first author affiliation, 41% of the studies were
conducted in the USA, 39% in Europe, 18% in Asia,
and 2% in Canada, Australia, and Brazil. The number of
individuals analyzed per study ranged from 32 partici-
pants [43] to 4735 [67]. The included articles
encompassed a total sample of 40,828 individuals;
76% of studies included both men and women, 20% of
studies examined only women (5306 individuals) and
4% examined only men (4164 individuals). Overall,
64% of studies considered three frailty groups (non-frail
or robust, pre-frail, and frail), and 28% considered only
two frailty groups (non-frail and frail), whereas 8% of
the studies did not provide any division according to
frailty status.

As regards the frailty identification, in almost all
studies (92%) Fried’s frailty criteria were employed;
among these, nine studies (20%) used at least one mod-
ified phenotypic criterion. The frailty index developed
by Rockwood and Mitnitski was used in 6% of the
studies [29, 37, 62]. The remaining studies employed a
set of different tools such as FRAIL scale [23, 69] and
the Nine frailty indicators [55].

The minimum and maximum QS obtained in the
studies included in the meta-analyses were 8 and 13,
respectively (Online Resource 1). More than half of the
studies included more than 300 participants and the
same rate did not match for gender (male/female ratio
either higher than 0.60 or lower than 0.40). Almost half
of the studies matched for age (difference between
groups lower than 5 years), in only two studies frailty
groups were balanced (both including only two frailty

groups), nearly 80% of the studies did not specify
whether frailty was measured by geriatricians or spe-
cialized personnel, and nearly 70% of the studies includ-
ed a group classified as pre-frail.

C-reactive protein

Higher CRP concentrations were significantly related to
frailty status in 77% of studies included in this review
(Table 1). One study found a significant association of
frailty status with CRP in women, but this relationship
was not significant in men [33]. Moreover, three studies
found significant differences in CRP levels between pre-
frail and frail subjects, in addition to the differences
between non-frail and frail participants [41, 50, 58].
Among studies reporting significant association, Fried’s
original and modified frailty criteria were used, except
for four studies (15%) in which only FI [62], FI in
combination with Fried’s phenotype [29, 37], or FRAIL
scale [23] were employed to identify frailty. On the
other hand, 26% of studies which did not find significant
associations between frailty and CRP concentration
employed different tools to identify frailty, namely, Puts
et al. [55] used the Nine frailty indicator method, Yang
et al. [69] used the FRAIL scale, and Tsai et al. [65]
employed a combination of Fried’s phenotype and Frail-
ty score.

Meta-analysis comparing frailty group vs. non-frailty
group included 15 studies. The forest plot is shown in
Online Resource 2a. Significant heterogeneity was
found among studies (P =99.14%, P<0.001). Results
of the meta-regression showed that difference of CRP
concentration between the frail and non-frail individuals
was statistically significant (SMD =0.99, 95%CI =
0.43-1.56, P=10.0006). The Egger’s regression test re-
vealed the presence of a publication bias (z=3.0624,
P=0.0022), and therefore, the SMD was re-estimated
after adjusting with the trim-and-fill method (SMD =
0.66, 95%C1=0.45-0.88, P <0.0001).

Twelve studies were considered for the meta-analysis
of pre-frailty group vs. non-frailty group (Online Resource
2b). Significant heterogeneity was observed among stud-
ies (P =48.70%, P<0.001). Results showed that CRP
levels were significantly higher in pre-frailty when com-
pared to non-frailty groups (SMD =0.14, 95%CI = 0.09—
0.19, P<0.0001), and no significant publication bias was
observed (z=1.7730, P=0.08).

Another group of 12 studies compared frail vs. pre-
frail subjects (Online Resource 2c¢). Heterogeneity was
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Fig. 1 Flow chart: selection of
the literature

Total records identified
through database search
n=758

Identification

Duplicates
n =170 excluded

@=>

Title and abstract screened
n=588

Screening

=> Title and abstract review
n =478 excluded

Full-text assessed
n=110

Reasons for exclusion (n = 79):
- No frailty groups (n = 17)
- Review (n=17)

- No inflammatory markers (n = 14)
- No frailty criteria (n = 13)

- Disease (n=13)

- <60yearsold (n=2)

- Invitro studies (n=1)

- No inflammatory markers vs.

Full-text review
n =79 excluded

>

Eligibility

Eligible - Absence of non-frail group (n = 1)

frailty comparison (n = 1)

n=31

Studies included in
qualitative synthesis

Studies included in
quantitative synthesis
(meta-analysis)

Reference review
n =18included

@<:=:

C-reactive Interleukin 6
protein

n=35

n=33

n=49

Other
biomarkers
n=13

Tumor necrosis
factor a
n=13

No mean * SD available: n = 12 excluded

=> No frailty comparison: n = 6 excluded

No Fried’s criteria: n =4 excluded

n=27

significant (P =99.28%, P<0.0001). Results showed
that difference of CRP concentrations between frail and
pre-frail subjects was statistically significant (SMD =
1.12, 95%CI=0.46-1.78, P<0.0001). The Egger’s re-
gression test revealed the presence of publication bias
(z=4.6042, P<0.0001), and the trim-and-fill method
confirmed the significant increase in frailty groups
(SMD =1.50, 95%CI1=0.76-2.25, P < 0.0001).

In view of the high heterogeneity among studies,
especially in the comparisons of the frailty group vs.
non-frailty and pre-frailty groups, we performed
sensitivity analyses excluding the studies of Hwang
et al. [38] and Marcos-Pérez et al. [S1] which
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C-reactive
protein
n=15

Tumor necrosis
factor a
n=8

Interleukin 6

n=16

showed the most extreme results, to investigate
how much of the overall effect was attributable to
them (see forest plots in Fig. 2). The heterogeneity
was indeed reduced, and significance was removed
for the comparison between pre-frailty vs. non-
frailty groups (Table 2). Furthermore, SMD estima-
tions were still significant although their values were
slightly lower. Egger’s test for publication bias was
not significant in any case (see funnel plots in
Online Resource 3).

Meta-regression analyses of CRP did not show the
presence of any significant effect modification or
confounding.
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Interleukin 6

Seventy-nine percent of studies encompassed in this
literature search which analyzed IL6 found significant
associations between increase in its concentration and
frailty status (Table 1). Among them, five studies used
frailty identification tools different from Fried’s criteria,
namely Schoufour et al. [62] employed FI (51 items),
Collerton et al. [29] and Hubbard et al. [37] used both FI
and Fried’s phenotype, and Puts et al. [55] and Yang
et al. [69] employed FRAIL scale and the Nine frailty
indicators to classify their populations, respectively.
Significant differences in IL6 levels between frail and
pre-frail subjects were also reported in three studies [41,
50, 58, 66].

On the contrary, seven out of 33 studies (21%) did
not find significant differences in the levels of this
biomarker between frailty groups. Five of these studies
employed Fried’s phenotype [24, 39, 44, 57, 71], and
the others used the Nine frailty indicators [55] and
FRAIL scale [69].

The meta-analysis comparing frail vs non-frail
individuals included 16 studies; Online Resource
4a displays the forest plot of this comparison.
Significant heterogeneity among the studies was
found (12 =88.7%, P<0.0001), and a statistically
significant difference of the IL6 concentration be-
tween the frailty group and the non-frailty group
was revealed by the meta-regression (SMD =0.63,
95%C1=0.38-0.89, P<0.0001). The test for pub-
lication bias was not significant (Egger’s regres-
sion z=1.5077, P=0.1316).

Meta-analysis comparing pre-frailty group vs.
non-frailty group analyzed 12 studies
(Online Resource 4b) and was affected by a high
degree of heterogeneity (I =94.30%, P <0.0001).
Results showed that difference of IL6 concentra-
tions between pre-frail and non-frail participants
was statistically significant (SMD =0.43, 95%CI =
0.16-0.70, P=0.0017). The presence of publica-
tion bias (z=3.4778, P=0.0005) required effect
estimates adjusted with the trim-and-fill method
(SMD =0.81, 95%CI1=0.42-1.21, P<0.0001).

And 12 studies were included in the meta-analysis of
frailty group vs. pre-frailty group (Online Resource 4c).
A significantly higher concentration of IL6 was found in
frail older adults when compared to pre-frail (SMD =
0.60, 95%CI =0.26-0.93, P<0.0001), although affect-
ed by heterogeneity among studies (> =95.10%, P=

0.0005). Egger’s test for publication bias was significant
(z=2.3613, P=0.0182), and a trim-and-fill adjusted
estimate of SMD was produced (SMD =0.95, 95%CI =
0.54-1.37, P<0.0001).

In an attempt to reduce heterogeneity, sensitivity
analyses were conducted excluding the study of
Marcos-Pérez et al. [51] which showed the most ex-
treme results (see forest plots in Fig. 3). In the three
comparisons carried out for IL6 heterogeneity shifted
from high to moderate (lower than 72% in all cases;
Table 2). The new SMDs estimates were mildly reduced
but still significant, while the effect of the publication
bias test was removed in the comparison of pre-frailty
vs. non-frailty groups (Table 2). Publication bias was
only present in the scenario frailty vs. pre-frailty, where
new SMD estimates slightly changed after adjusting
with the trim-and-fill method (see funnel plots in
Online Resource 5).

No presence of significant effect modification or
confounding was observed in the meta-regression anal-
yses of IL6.

Tumor necrosis factor alpha

Frailty was significantly related with increasing TNFo
concentrations in 46% of the studies, two of which
identified frailty through a combination of FI and
Fried’s criteria [29, 37] (Table 1). The remaining four
studies employed the original or modified versions of
Fried’s criteria. One of them found also significant
differences in TNFx concentration in pre-frail subjects
when compared with the frail group [35]. On the con-
trary, seven studies failed to observe a significant asso-
ciation between frailty status and TNF«x levels [45, 52,
56, 65, 72]; among them, Tsai et al. [65] used Fried’s
frailty phenotype and frailty score to differentiate frailty
groups.

Meta-analysis of frailty group vs. non-frailty group
included eight studies, as shown in the forest plot
(Online Resource 6a). Results were affected by hetero-
geneity among studies (> =92.18%, P < 0.001). Differ-
ence of TNFx concentration between frailty and non-
frailty groups resulted statistically significant in the
original analysis (SMD =0.70, 95%CI =0.06—-1.34,
P=0.03), and after adjusting with the trim-and-fill
method (SMD =1.04, 95%CI =0.26-1.82, P=0.009),
to take into consideration the publication bias (z=
2.7656, P=0.005).
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Six studies were analyzed in the meta-analysis com-
paring pre-frailty group vs. non-frailty group (forest plot
in Online Resource 6b). A significant heterogeneity was
observed among studies (I2 =89.79%, P<0.0001). Re-
sults showed no significant difference of TNFx concen-
trations between pre-frail and non-frail individuals
(SMD =0.31, 95%CI=-0.18-0.80, P=0.22). After
taking into account the publication bias (z=4.4001,
P <0.0001), SMD trim-and-fill adjusted estimates
approached significance (SMD =0.61, 95%CI =—
0.22-1.25, P=0.00).

Finally, meta-analysis comparing frailty and pre-
frailty groups included six studies (Online Resource
6¢). Results showed that difference of TNF«x levels
between frail and pre-frail subjects was statistically sig-
nificant (SMD =0.64, 95%CI=0.11-1.18, P=0.02),
despite the presence of significant heterogeneity (P =
90.66%, P<0.0001). The Egger’s regression test re-
vealed the presence of a publication bias (z=2.3897,
P =0.0169), and the estimates of SMD were only slight-
ly changed after adjusting with the trim-and-fill method
(SMD =0.80, 95%CI=0.22-1.38, P=0.007).

A considerable reduction in heterogeneity was
observed after removing the outlier study of
Marcos-Pérez et al. [51] (Fig. 4). SMD estimations
were not significant in any of the three compari-
sons. Publication bias was only observed in the
comparison between pre-frailty vs. non-frailty
groups (see Online Resource 7). In this latter case,
adjustment with the trim-and-fill method did not
change notably the estimate of the SMD.

Meta-regression analyses of TNFx did not show any
significant effect modification or confounding.

Other immunological biomarkers

In addition to the three immunological markers included
in the meta-analyses, 11 papers analyzed other immu-
nological parameters in association with frailty, mostly
interleukin subclasses (Table 1). IL10 was evaluated in
four studies, showing negative results in all of them [41,
45, 66, 71]. Soluble TNF receptors I (STNF-RI) and 1II
(sTNF-RII) were measured in three studies, all of them
reporting general increases of both parameters in pre-
frail and frail subjects vs. non-frail individuals [41, 51,
66]. Two studies evaluated IL13 [56, 71], and two
others intercellular adhesion molecule 1 (ICAM-1)
[42, 50], all of them showing association with frailty
status. Other immune parameters were reported in only
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one study, such as IL6 receptor (IL6-R) (increase in frail
vs. non-frail group) [41] and monocyte chemoattractant
protein-1 (MCP-1) (increase in pre-frail and frail
groups) [50].

Discussion

Results of the meta-analyses conducted clearly show the
presence of significant association between CRP and
IL6 concentration and frailty in older adults. To take
into account those studies reporting a much stronger
association than the others (Hwang et al. [38] and
Marcos-Pérez et al. [51] for CRP; and Marcos-Pérez
et al. [51] for IL6 and TNFx) and in the attempt to
reduce heterogeneity, we applied a conservative ap-
proach excluding those studies. As a result of this ap-
proach, heterogeneity was notably reduced in the sensi-
tivity analyses, and the distribution of studies in the
funnel plots, confirmed by the Egger’s test, indicated
absence of publication bias (except in the case of frailty
vs. pre-frailty comparison for IL6). The difference be-
tween frailty groups in comparison with non-frail indi-
viduals was still highly significant, confirming without
doubt the link between frailty status and CRP and IL6.

The globally accepted theory of “inflammaging” 73]
reports an age-related increased level of some inflam-
matory markers such as IL6 [74, 75], TNF [76, 77] and
its soluble receptors [76, 78], acute phase protein CRP
[74, 75], certain lymphocyte subpopulations [79, 80],
and decreased concentration of IL10 [81].
Inflammaging is associated with increased morbidity
and mortality in older adults [82, 83].

CRP, a member of “pentraxin” family of proteins,
was the first acute-phase protein to be described. It is
produced in the liver only by hepatocytes mainly in
response to increased levels of IL6 [84]. Its main func-
tion is to recognize pathogens and host’s damaged cells
in order to mediate their elimination by recruiting the
complement system and phagocytic cells; thus, it is a
very useful non-specific biochemical marker of inflam-
mation [85]. CRP concentration increases during aging
[86] and this situation may become chronic, taking part
in the pathogenesis of several age-related diseases such
as cardiovascular diseases [87] and type 2 diabetes [88§],
among others. A previous meta-analysis [18] described
the presence of significant association between CRP
concentration and frailty severity, for both frail and
pre-frail participants. In agreement with these results,
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(a) Frailty vs. Non-frailty
Author(s) and Year Weight SMD [95% CI]
Zhuetal. 2016 HEH 912% 0.18[0.01,0.35]
Leng etal. 2009 —.— 6.59% 0.48[0.20,0.75]
Barzilay et al. 2007 HEH 9.57% 0.24[0.10,0.39]
Collerton et al. 2012 H— 6.76% 0.14[-0.13,0.41]
Tsai etal. 2013 —_— 3.76% 0.03[-0.42,0.48]
Linetal 2014 HE— 8.38% 0.08[-0.12,0.28]
Sanchis et al. 2015 o 7.71% 0.20[-0.02, 0.43]
Galeetal . 2013 i 9.88% 0.13[0.00,0.27]
Saum et al. 2015 HEH 9.45% 0.44[0.29,0.59]
Carcaillon et al. 2012 - 6.56% 0.39[0.11, 0.66]
Walston et al. 2002(a) - 10.17% 0.50[0.38, 0.62]
Hubbard et al. 2008 — 3.33% 0.83[0.34,1.33]
Walston et al. 2002(b) - 8.70% 0.55[0.37,0.74]
Favours Non-frailty Favours Frailty
RE Model ) L d 100.00% 0.31[0.20,0.42]
(Q=4413,df=12,p=0.000; " =72.8%)
| I e e —
05 0 05 1 15
Standardized Mean Difference
(b) Pre-frailty vs. Non-frailty
Author(s) and Year Weight SMD [95% Cl)
Zhuetal 2016 e 1151% 0.12[0.01,0.23]
Leng et al. 2009 — 260% 0.44[0.19,0.70]
Barzlay et al 2007 - 16.44% 0.14[0.06,0.23]
Collerton et al. 2012 e 327% 0.17[-0.06,0.39]
Tsai etal 2013 —t 1.28% 0.00(-0.36, 0.36]
Saum etal. 2015 - 16.62% 0.11(0.02,0.19)
Carcaillon et al. 2012 [ 203% 0.19[-0.10,0.48]
Walston et al. 2002(a) - 2563% 0.19[0.13,0.25)
Hubbard et al. 2008 f—— 0.87% 0.45[0.01,0.90]
Walston et al. 2002(b) - 19.73% 0.12[0.05,0.20]
Favours Non-frailty Favours Pre-frailty
RE Model X 100.00% 0.15[0.11,0.19)
(Q=1136,d=9,p=0252,1"=20.8%)
| — E—
05 0 05 1

Standardized Mean Difference

Fig. 2 Forest plots of CRP concentration (sensitivity analyses
excluding Hwang et al. [38] and Marcos-Pérez et al. [51]): a frailty
vs. non-frailty groups; b pre-frailty vs. non-frailty groups; ¢ frailty
vs. pre-frailty groups. In order to respect original data provided by

the current study showed that CRP levels progressively
increase with frailty severity, classified according to
Fried’s criteria (even in the conservative sensitivity
analyses), shedding more conscious light on previous
results, which included studies using different frailty
identification tools [18].

IL6 is a pleiotropic inflammatory cytokine which is
produced by a wide variety of cells. It plays an important
role in the acute inflammatory response cascade,
inhibiting the production of TNFo and IL1f3, and in-
ducing the production of CRP, as well as other acute
phase reactants, such as the fibrinogen. IL6 concomi-
tantly regulates pro-inflammatory and anti-
inflammatory activities and contributes to both develop-
ment and resolution of the acute inflammatory response.
It is well known that IL6 levels increase with age [74,

(©)

Frailty vs. Pre-frailty
Author(s) and Year Weight SMD [95% CI]
Zhuetal. 2016 . 11.43% 0.02[-0.14,0.19]
Leng et al. 2009 - 10.51% 0.08[-0.11,0.27]
Barzilay et al. 2007 HEH 12.84% 0.07 [-0.07,0.20]
Collerton et al. 2012 —H— 9.59% -0.08 [-0.29, 0.13]
Tsai etal. 2013 —— 455% 0.03[-0.36,0.42]
Saum et al. 2015 il 1241% 0.28[0.13,0.42]
Carcaillon et al. 2012 . 11.17% 0.25[0.07,0.42]
Walston et al. 2002 (a) HH 13.54% 0.04[-0.08,0.16]
Hubbard et al. 2008 — 331% 0.60[0.11,1.08]
Walston et al. 2002 (b) i 10.64% 0.38[0.20,0.57]
RE i Favours Pre-frailty Favours Frailty 100.00% 044[0.04,024)
(Q=25.16,df=9, p=0.003; I' = 64.2%)
| I B E— —]
05 0 05 1 15

Standardized Mean Difference

Walston et al. (2002), two populations from this study were
included in these meta-analyses, which differ in the inclusion (a)
or exclusion (b) of participants with cardiovascular diseases his-
tory and diabetes

75, 89, 90], having an important role in the development
of several age-related diseases, including type 2 diabetes
[91], and several cancers [92]. Increased IL6 concentra-
tions have been suggested to predict the risk of devel-
oping reduced muscle strength and physical disability;
both features are key components of the frailty syn-
drome [93]. Present results showed a clear association
of frailty and pre-frailty status with increased levels of
IL6 in older adults, thus providing further support to the
involvement of inflammaging in the pathophysiology of
frailty. These results are in agreement with the previous
reviews from Ramakrishnan et al. [94] and Soysal et al.
[18]. The former one reviewed the relationship of frailty
with a heterogeneous battery of biomarkers (endocrine,
genetic, inflammation, and nutritional biomarkers),
while the latter found similar associations in their
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Table 2 Summary of meta-analyses comparing frailty groups with assessment of publication bias [sensitivity analyses excluding Hwang

et al. [38] and Marcos-Pérez et al. [51] for CRP, and excluding Marcos-Pérez et al. [51] for IL6 and TNF«x]

Biomarker and No. of Heterogeneity =~ Meta-analysis Publication Trim-and-fill
comparison studies bias (Egger’s
test)
P Pvalue SMD  95%CI Pvalue Z P SMD  95%CI P
value value

CRP

Frailty vs. non-frailty 13 72.81 <0.001 0.31 0.20-042 < 0.0001 0.4480 0.6542

Pre-frailty vs. 10 20.78 0.2518 0.15 0.11-0.19 < 0.0001 1.1440 0.2524

non-frailty

Frailty vs. pre-frailty 10 64.23 0.0028 0.14 0.04-0.24  0.0046  0.9365 0.3490
L6

Frailty vs. non-frailty 15 71.99 <0.0001 0.47 0.30-0.64 < 0.0001 0.1334 0.1821

Pre-frailty vs. 11 66.55 0.0009 0.17 0.05-0.29  0.0048  0.7731 0.4395

non-frailty

Frailty vs. pre-frailty 11 5536 0.0132 0.28 0.17-0.40 < 0.0001 3.1343 0.0017 0.22 0.09-0.35  0.0007
TNFx

Frailty vs. non-frailty 7 82.76 <0.0001 0.32 -0.11-0.76 0.15 0.8083 0.4189

Pre-frailty vs. 5 59.20 0.0439 -0.017 —0.27-0.23 0.90 2.8688 0.041 —-0.24 -0.51-0.02 0.07

non-frailty

Frailty vs. pre-frailty 5 7297 0.0051 0.24 —0.09-0.56 0.15 0.9306 0.3520

Statistically significant P values for the meta-analysis are indicated in italics

CI confidence interval, CRP C-reactive protein, /L6 interleukin 6, SMD standardized mean difference, TNFo tumor necrosis factor alpha

meta-analysis, but they were based on a lower number
of studies and showed higher heterogeneity, since those
studies used diverse criteria to assess frailty phenotype.

TNF« is a polypeptide cytokine mainly produced by
stimulated monocytes, macrophages, and T lymphocyte
subsets. TNFx contributes to the production of IL6
through activation of several pathways and plays a key
role during the immune response, mediating inflamma-
tory mechanisms both in normal immune surveillance
and in pathologic conditions [95]. Plasma levels of
TNFx were reported to be linearly related with IL6
and CRP in centenarians, indicating an interrelated ac-
tivation of the entire inflammatory cascade in the oldest
old [76]. However, no significant differences emerged
from Soysal et al. [18] meta-analyses regarding the
association between TNFx concentration and frailty
status in older subjects, although a scarce number of
studies were included (3 for frail vs. pre-frail/non-frail,
and 4 for frail vs. non-frail and pre-frail). Our initial
results including all studies showed a border line asso-
ciation between frailty and TNFx concentration after
meta-regression analysis both in the comparisons frail
vs. non-frail subjects (eight studies) and frail vs. pre-frail
subjects (6 studies). A non-significant result was
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obtained comparing pre-frail and non-frail participants
(six studies). Nevertheless, results from the sensitivity
analyses exhibited a quantitatively feebler association
which was no longer significant. These results suggest
that there may be an association between frailty and
TNF«, but the link is clearly weaker than for CRP and
IL6, and further studies are necessary to confirm this
potential relationship.

Among all studies analyzing IL10 concentration in-
cluded in this review, only one showed a trend to
decrease in frail subjects as compared with non-frail
subjects (not significant) [45]; all other studies found
negative results. And no associations between frailty
and IL1(3 levels were found in any of the two studies
determining this biomarker [56, 96]. The latter finding
could be due to the promotion induced by IL1{3 and
TNF« of IL6 secretion, which in turn inhibits the syn-
thesis of TNFo and IL1f3 and stimulates the expression
and release of soluble TNF receptors [97]. Indeed,
higher concentrations of sTNF-RI and sTNF-RII asso-
ciated with frailty status were reported in several of the
revised studies [41, 51, 66], and sTNF-RII was recently
suggested to be an accurate predictive biomarker to
identify frail subjects [51].
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(a) Frailty vs. Non-frailty

Auutor(s) and Year Weight SMD [95% CI]

() Frailty vs. Pre-frailty

Author(s) and Year Weight SMD [95% CI]

Hubbard et al. 2008
Namioka et al. 2016
Leng et al. 2007
Barzilay et al. 2007
Leng etal. 2011
Leeetal 2016
Leng et al. 2009
Darvinetal. 2014
Fried et al. 2009

584% 068[0.19,1.17]
6.19% 0.57[0.12,1.03]
862% 0.35[0.08,0.63]
10.19% 0.24[0.09, 0.39]
6.96% 0.47[0.07,0.86]
9.08% 0.26[0.02, 0.49]
8.53% 0.77[0.49, 1.05]
3.59% 1.02[0.28, 1.76]
898% 0.93[0.68,1.18]

Collerton etal. 2012 8 8.72% -0.02[-0.28, 0.25]
Kalyani et al. 2012 H 8.25% 0.18[-0.12,0.48]
Leng et al. 2002 3.46% 0.72[-0.04,1.49]
Leng et al. 2004 (a) H 486% 0.48[-0.10,1.06]
Leng et al. 2004 (b) — 3.05% 0.13[-0.71,0.97]

JHJ”;.]%””H

Quetal 2009 3.68% 094[0.21,1.67]

Favours Non-frailty ‘Favours Frailty

RE Model 100.00% 0.47[0.30, 0.64]

(Q=49.98, df = 14, p = 0.000; I’ = 72.0%)

| I N B B |
-1 0 1 2
Standardized Mean Difference

(b) Pre-frailty vs. Non-frailty

Author(s) and Year Weight SMD [95% CI]
Hubbard et al. 2008 — 5.05% 0.42[-0.02,0.87]
Namioka et al. 2016 —— 6.07% -0.01[-0.39,0.38]
Leng et al. 2007 H—— 9.83% 0.19[-0.06, 0.43]
Barzilay et al. 2007 - 15.46% 0.10[0.02,0.19]
Leng etal. 2011 —t— 5.07% 0.12[-0.32, 0.56]
Leeetal 2016 HiH 13.73% 0.02[-0.12,0.15]
Leng et al. 2009 —a— 9.54% 0.55[0.30, 0.80]
Darvinetal. 2014 A 362% 0.51[-0.05, 1.06]
Fried et al. 2009 = = 12.89% 0.37[0.21,0.52]
Collerton et al. 2012 - 10.55% -0.06 [-0.29, 0.16]
Kalyani et al. 2012 —a— 8.19% -0.04[-0.34,0.26]

Favours Non-frailty Favours Pre-frailty

RE Model <> 100.00% 0.17[0.05, 0.29]

(Q=29.90, df = 10, p = 0.001; I* = 66.5%)

| S B R

05 0 05 1 15
Standardized Mean Difference

Hubbard et al. 2008
Namioka et al. 2016

450% 066[0.17,1.14]
535% 0.76[0.33,1.19]

Leng et al. 2007 H 1253% 0.11[:0.09, 0.30]
Bazilay et al. 2007 15.06% 0.17[0.03,0.30]
Leng etal. 2011 H 500% 0.38(:0.07,0.83]

Leeetal 2016
Leng et al. 2009
Darvin et al. 2014
Fried et al. 2009
Collerton et al. 2012 A
Kalyani et al. 2012 H

12.75% 0.25[0.06,0.43]

255% 0.79[0.11,1.48]
10.78% 0.47[0.24,0.71]
11.83% 0.03[.0.18,0.24]

——
——

1l

HEH

]

— 11.00% 0.32[0.09, 0.55]

i

—_—
-

-

- 8.55% 0.18[-0.12,0.48]

Favours Pre-frailty Favours Frailty
RE Model > 100.00% 0.28[0.17,0.40]
(Q=2240, df = 10, p = 0.013; I* = 55.4%)

| I R R R
05 0 05 1 15

Standardized Mean Difference

Fig. 3 Forest plots of IL6 concentration (sensitivity analyses excluding Marcos-Pérez et al. [51]): a frailty vs. non-frailty groups; b pre-

frailty vs. non-frailty groups; ¢ frailty vs. pre-frailty groups

Among the other biomarkers, briefly discussed in this
systematic review, ICAM-1, an immunoglobulin-like
cell adhesion molecule expressed by several cell types,
including leukocytes and endothelial cells, plays a role
in leukocyte migration [15] and activates pro-
inflammatory cascades [98]. Changes in ICAM-1 con-
centration are shown to be associated with several age-
related diseases and mortality [42]. Moreover, results
obtained in the two studies included in this systematic
review which analyzed this biomarker clearly showed
increased levels of ICAM-1 with frailty, suggesting that
the activation of inflammatory processes through

leukocyte migration induced by ICAM-1 contributes,
at least partially, to frailty development.

Inflammaging is currently accepted as a pathogenic
feature in the development of several age-related dis-
eases, such as cardiovascular disease, cancer, osteoporo-
sis, and Alzheimer’s disease [99]. Interestingly, a very
recent review by Pansarasa et al. [100] analyzed the role
of genetic factors in frailty onset and the impact of diet on
inflammation and, in turn, on frailty. In this regard,
evidence gathered suggests that nutritional status, through
its effects on cellular metabolism, may influence the
immune system, i.e., cytokine levels, and immune cell
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(a) Frailty vs. Non-frailty
Author(s) and Year Weight SMD [95% CI]
Hubbard et al. 2009 —a— 14.73% 0.89[0.40, 1.39]
Tsai etal. 2013 - 15.20% -0.20 [-0.65, 0.26]
Collerton et al. 2012 HiH 17.01% -0.19[-0.45, 0.08]
Leng et al. 2004 (b) —— 10.81% 0.50 [-0.35, 1.35]
Qu et al. 2009 —— 12.49% 0.10[-0.60, 0.79]
Hubbard et al. 2008 o 1451% 1.24[0.72,1.75)
Namioka et al. 2016 — 15.26% 0.06 [-0.38, 0.51]
Favours Non-frailty Favours Frailty
RE Model R 100.00% 0.32[-0.11,0.76]
(Q=34581,df=6,p=0.000; I'= 82.8%)
T T 1T T 171

-1 0 1 2
Standardized Mean Difference

(b) Pre-frailty vs. Non-frailty

Author(s) and Year Weight SMD [95% CI]

Hubbard et al. 2009 — 16.79% 0.33[-0.11, 0.77]
Tsai etal. 2013 i 20.06% -0.12[-0.49, 0.24]
Collerton et al. 2012 i 27.24% -0.30[-0.53,-0.08]
Hubbard et al. 2008 e 16.82% 0.29[-0.15, 0.73]
Namioka et al. 2016 - 19.09% -0.07[-0.46, 0.32]

Favours Non-frailty

RE Model -
(Q=9.80, df=4, p=0.044; I =50.2%)
T T T 1

1 05 0 05 1

Standardized Mean Difference

Favours Pre-frailty

100.00% -0.02[-0.27, 0.23]

(c) Frailty vs. Pre-frailty
Author(s) and Year Weight SMD [95% CI]
Hubbard et al. 2009 —— 17.86% 0.04[-0.43,0.52]
Tsai etal. 2013 —a— 20.20% -0.07 [-0.47,0.32]
Collerton et al. 2012 HElH 2555% 0.11[-0.10,0.32]
Hubbard et al. 2008 — 16.94% 1.09[0.59, 1.60]
Namioka et al. 2016 —r— 19.44% 0.17[-0.25, 0.59]
Favours Pre-frailty Favours Frailty
RE Model - 100.00% 0.24[-0.09, 0.57]
(Q=14.80, df = 4, p = 0.005; I = 73.0%)
| B S ——
05 0 05 1 15 2

Standardized Mean Difference

Fig. 4 Forest plots of TNFx concentration (sensitivity analyses excluding Marcos-Pérez et al. [51]): a frailty vs. non-frailty groups; b pre-

frailty vs. non-frailty groups; ¢ frailty vs. pre-frailty groups

populations and function, increasing inflammation and
contributing to frailty. In the present meta-analyses, we
described the presence of quantitative and significant
associations between frailty and pre-frailty with two in-
flammatory biomarkers, i.e., CRP and IL6, obtaining
statistical significance for all comparisons. Based on
these results, the involvement of inflammaging in the
pathophysiology of frailty in older adults is further con-
firmed, paving the way to studies validating the use of
markers of inflammaging to predict frailty [96].

@ Springer

One possible limitation of this study is the high level
of heterogeneity found in most of the comparisons per-
formed, even after restriction to those studies that used
Fried’s criteria to identify frailty, which considerably
reduced heterogeneity with regard to previous meta-
analyses [18]. Further decrease in heterogeneity was
obtained in the sensitivity analyses. Nevertheless, sev-
eral studies included in the analyses used criteria mod-
ified from Fried’s original description, possibly
influencing the definition of frailty and, as a
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consequence, the results of its relationship with the
biomarkers evaluated. Besides, as Fried’s criteria do
not consider cognitive status, it is still to be assessed
whether associations found for physical frailty can be
also extrapolated to cognitive frailty, or cognitive de-
cline in frail older adults is driven by different physio-
logical alterations. On the other hand, and despite the
wide range of the quality score in the studies analyzed,
this parameter was not found to influence the results of
the meta-regression analyses in any case.

In conclusion, this work established strong and quan-
titative associations between CRP and IL6 inflammatory
biomarkers and frailty in older adults, a condition homo-
geneously identified by the most commonly used tool
for frailty assessment (Fried’s frailty phenotype).
These results are mostly based on cross-sectional
studies, while longitudinal studies were scarce and
it was not possible to conduct meta-regression
analysis with these data. To evaluate and address
this limit, further investigations should be done in
longitudinal prospective studies, to assess (i) the
possibility to predict frailty with inflammatory bio-
markers, (ii) the directionality of the causal rela-
tionship between frailty and inflammaging, and
(iii) the possible association of frailty status with
other immunological biomarkers.
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