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Abstract
Frailty is a geriatric syndrome that results from multisystem impairment caused by 
age-associated accumulation of deficits. The frailty index is used to define the level of 
frailty. Several studies have searched for molecular biomarkers associated with frailty, 
to meet the needs for personalized care. Cyclase-associated protein 2 (CAP2) is a mul-
tifunctional actin-binding protein involved in various physiological and pathological 
processes, that might reflect frailty's intrinsic complexity. This study aimed to investi-
gate the association between frailty index and circulating CAP2 concentration in 467 
community-dwelling older adults (median age: 79; range: 65–92 years) from Milan, 
Italy. The selected robust regression model showed that circulating CAP2 concentra-
tion was not associated with chronological age, as well as sex and education. However, 
circulating CAP2 concentration was significantly and inversely associated with the 
frailty index: a 0.1-unit increase in frailty index leads to ~0.5-point mean decrease in 
CAP2 concentration. Furthermore, mean CAP2 concentration was significantly lower 
in frail participants (i.e., frailty index ≥0.25) than in non-frail participants. This study 
shows the association between serum CAP2 concentration and frailty status for the 
first time, highlighting the potential of CAP2 as a biomarker for age-associated ac-
cumulation of deficits.
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Frailty is a clinically recognized condition characterized by increased 
vulnerability to stressors due to reduced homeostatic reserve (Clegg 
et al., 2013). From a biological perspective, frailty is driven by the 
lifelong accumulation of molecular and cellular deficits that involves 
different organs (e.g., skeletal muscle and brain) and systems (e.g., 
respiratory, cardiovascular, and endocrine). Frailty is indicated as the 
best approach to capture individuals' physiological decline and bio-
logical aging (Mitnitski et al., 2001). While there is a general agree-
ment on frailty's theoretical definition, its clinical identification 
is challenging due to pathophysiological complexities and clinical 
manifestations (Cesari, Calvani, & Marzetti, 2017). Moreover, multi-
ple frailty definitions exist (Cesari, Marzetti, et al., 2017), and many 
operational approaches have been proposed over time (Morley 
et al.,  2013). Frailty is most frequently assessed either using the 
phenotypic model or measuring the accumulation of health deficits 
through the frailty index (FI). While the frailty phenotype is focused 
on the physical domain of frailty (Cesari et al., 2014), the FI mirrors 
the individual's biological age and is expressed by the ratio of an in-
dividual's health deficits over the total possible deficits, evaluated 
within a comprehensive geriatric assessment (Mitnitski et al., 2001).

Several studies searched for frailty biomarkers to improve the 
understanding of its biological background and potentially support 
the development of specific interventions. The most studied circu-
lating biomarkers are those related to the inflammatory response 
(Cannizzo et al.,  2011). However, frailty's complex underlying 
pathophysiology makes identifying specific biomarkers extremely 
challenging. Most of the proposed frailty biomarkers have been in-
vestigated using the phenotypic model, approaching the condition 
as a physical syndrome. Exploring frailty's biological background, as 
measured by FI, might provide more information on the multidimen-
sional aging phenomenon by including symptoms, signs, functional 
impairments, diseases, and laboratory abnormalities.

In this context, we focused on the cyclase-associated protein 
2 (CAP2), an actin-binding protein that controls actin cytoskeleton 
dynamics and, thereby, regulates cellular processes such as muscle 
contraction and changes in synaptic morphology that underlie mem-
ory and learning (Rust et al., 2020). Remarkably, CAP2 expression 
is restricted to a limited number of tissues, including heart, skele-
tal muscle, and brain (Bertling et al.,  2004), which are the organs 
mostly affected by frailty. CAP2 has been identified as a crucial reg-
ulator of the physiological functions of these organs and alterations 
in CAP2 have been associated to many age-related diseases, such 
as Alzheimer's disease (AD) (Rust & Marcello, 2022). For instance, 
alterations in CAP2 pathway can contribute to synaptic dysfunc-
tion and cognitive deficits in AD patients (Pelucchi et al., 2020) and, 
thereby, CAP2 levels might be related to the neurocognitive compo-
nent of frailty. Moreover, the relevance of CAP2 in controlling heart 
and skeletal muscle function has been observed in CAP2 knock-
out mouse (Field et al.,  2015; Kepser et al.,  2019) and confirmed 
by several human genetic studies (Aspit et al., 2019; Gurunathan 
et al., 2022), suggesting that CAP2 can be associated to sarcopenia, 
the biological substrate of physical frailty.

Given CAP2 biological functions, we measured its circulating 
concentration to assess its potential association with frailty, defined 
by the FI, in Italian older adults.

Participants' median age was 79 years (IQR: 75–83; maximum 
value = 92). Among participants, 55.7% were women, and 51.8% 
reported nine or more years of education. Their median FI was 
0.22 (IQR: 0.15–0.29; maximum value = 0.57). Finally, their median 
CAP2 concentration was 5.21 ng/mL (IQR: 3.32–8.26; maximum 
value = 57.8) (Table S1). No significant differences were found in the 
percentages of participants with or without the single health defi-
cits included in the FI calculation, according to CAP2 concentration 
being below or equal to/above its median value (Table S2).

TA B L E  1 β coefficients (estimate), standard errors (SE), and p-values (p, from t test testing the null hypothesis that each parameter was 
equal to 0), as obtained from the selected robust linear regression models assessing the relationship between confounding factors and frailty 
index (FI) (independent variables) and cyclase-associated protein 2 (CAP2) concentration (dependent variable).

Confounding-factor model

FI-based model

Continuous FI Dichotomous FI

Estimate SE p Estimate SE p Estimate SE p

Intercept 8.81 2.46 0.0004 8.27 2.45 0.0008 7.62 2.53 0.003

Chronological age −0.05 0.03 0.11 −0.03 0.03 0.38 −0.03 0.03 0.35

Sex 0.24 0.32 0.45 0.16 0.32 0.61 0.23 0.32 0.46

Education 
(6–8 years)

0.62 0.47 0.19 0.61 0.47 0.20 0.60 0.47 0.20

Education 
(9–13 years)

0.21 0.43 0.63 0.09 0.43 0.84 0.10 0.44 0.81

Education 
(14–18 years)

0.53 0.51 0.30 0.32 0.51 0.53 0.38 0.52 0.46

FI

(0.1-unit increase) – – – −0.47 0.17 0.006 – – –

(Frail participants) – – – – – – −0.73 0.34 0.03
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Table 1 provides results on the linear relationship between age, 
sex, education, and FI (independent variables) and CAP2 concentra-
tion (dependent variable) obtained from the selected robust regres-
sion models. In the confounding-factor-only model (left columns), 
no socio-demographic factor was detected to significantly influ-
ence CAP2 concentration (all p from t tests >0.05). When the FI was 
introduced into the model in continuum (middle columns), it was 
the only variable significantly and inversely affecting CAP2 con-
centration (β = −0.47 for a 0.1-unit increment; SE = 0.17; p = 0.006). 
Similarly, when the FI was introduced as a dichotomous variable 
(non-frail and frail subjects; right columns), the β coefficient was 
still negative and significantly different from 0 (β = −0.73 for frail 
participants; p = 0.03). Based on this model, the frail participants 
showed a lower mean CAP2 concentration (estimated marginal 
mean [EMM]: 4.96, 95% confidence interval [CI]: 4.44–5.49 ng/mL) 
than the non-frail participants (EMM: 5.69, 95% CI: 5.26–6.12 ng/
mL) (Figure 1).

This study has described for the first time a significant association 
between FI and circulating CAP2 concentration in a cross-sectional 
analysis of older adults, highlighting the potential role of CAP2 as 
a biomarker of biological aging. While the investigated sociodemo-
graphic characteristics (or their interactions) do not significantly 
modify CAP2, CAP2 circulating concentration was inversely related 
to FI. In detail, (i) increases in FI in continuum, indicating greater 
frailty, were related to decreases in serum CAP2 concentration; (ii) 

mean circulating CAP2 concentration was significantly lower in frail 
than in non-frail participants.

Although it is significantly related to FI (after adjusting for 
chronological age), serum CAP2 concentration is not significantly 
related to chronological age alone. This suggests a potential role for 
CAP2 as a biomarker of age-related accumulation of deficits that 
cannot be mirrored by chronological age. Indeed, chronological age 
can be considered inadequate for capturing individuals' homeostatic 
weakness, increased vulnerability to diseases, and decreased physi-
ological integrity associated with aging.

Our results support the hypothesis that circulating CAP2 con-
centration provides a snapshot of frailty. Although the FI provides 
a multidimensional measure of clinical phenotypes related to defi-
cits, biomarkers such as CAP2 may assist in better targeting at-risk 
subpopulations, thus (i) ameliorating planning and implementation of 
personalized preventive and therapeutic interventions and (ii) sup-
porting a more accurate prediction of frailty's trajectory. In addition, 
several studies have suggested that the age-associated decline in 
adaptive homeostasis is a major risk factor for many age-associated 
diseases, such as cancer, cardiovascular disease, and AD (Cannizzo 
et al., 2011). Therefore, CAP2 as a biomarker of frailty could be used 
to filter participants recruited for clinical trials, maximizing the in-
tervention's effect size by selecting individuals particularly at risk.

The strengths of our analysis are the multidimensional assess-
ment of older adults and the use of robust regression models to 

F I G U R E  1 Estimated marginal 
means of cyclase-associated protein 
2 (CAP2) levels as derived from the 
robust linear regression model assessing 
the relationship between confounding 
factors and frailty index (FI) (dichotomous 
variable) and CAP2 concentration. Frail 
subjects were defined as those with a 
FI ≥0.25.
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account for heteroscedasticity of the error term and outliers. The 
main limitations of our study are its cross-sectional nature, the lack 
of a validation in another sample, and the possible influence of other 
unmeasured lifestyle factors (Romero-Ortuno, 2014).

Future studies are needed to (i) validate diagnostic performance 
of CAP2 in larger samples alone or combined with other biomarkers 
and (ii) establish the potential prognostic value of CAP2 in frailty and 
its possible role in tracking the efficacy of clinical interventions in 
frail older individuals.

1  |  E XPERIMENTAL PROCEDURES

1.1  |  Study design

At the geriatric outpatient clinic, Fondazione IRCCS Ca′ Granda 
Ospedale Maggiore Policlinico, Milan, Italy, 467 community-
dwelling older adults underwent a comprehensive geriatric as-
sessment and provided biological specimens between 2005 and 
2020 (Appendix S1 for additional details). A 46-item FI was de-
fined (Table S3) based on the geriatric evaluation, to include multi-
morbidity and disability phenomena, according to standardization 
criteria (Searle et al., 2008).

1.2  |  CAP2 measurement

Serum CAP2 concentration was determined using a commercially 
available ELISA kit (n. IK5163; Immunological Sciences).

1.3  |  Statistical analysis

Violations of the standard ordinary least squares assumptions sug-
gested the adoption of the robust MM estimator for our analyses, in 
which possible confounding factors (chronological age [continuous], 
sex [categorical], and education [categorical]) and FI (continuous or 
categorical) were considered as independent variables and regressed 
on the dependent variable CAP2. Based on likelihood ratio test p-
values >0.1 from models including up to the three-way interaction, 
the final confounding-factor-only model included the main effects 
for chronological age, sex, and education. Based on likelihood ratio 
test p-values >0.1 from models including up to the four-way interac-
tion, the final selected FI-based model (FI continuous) included terms 
for chronological age, sex, education, and FI. The same robust model 
was also fitted using a dichotomized FI variable (categorical: non-frail 
and frail subjects) and the EMMs were calculated by averaging pre-
dictions from this model over a reference grid (Lenth, 2021). Details 
are provided in the Appendix S1. Calculations were performed using 
the open-source statistical computing environment R (R Development 
Core Team, 2022) with libraries MASS (Venables & Ripley, 2002) and 
emmeans (Lenth, 2021).

AUTHOR CONTRIBUTIONS
S.P. and C.M. designed, conducted, and analyzed the experiments, 
revised the manuscript; L.D.A. conducted and analyzed the experi-
ments; P.D.R. revised the manuscript, funding acquisition; M.C.S. 
analyzed the experiments, revised the manuscript; R.S. analyzed 
the experiments, revised the manuscript; M.R. designed experi-
ments, revised the manuscript; B.A. designed experiments, revised 
the manuscript; M.D.L. revised the manuscript; M.C. designed 
experiments, revised the manuscript; V.E. performed statistical 
analysis, wrote and revised the manuscript; E.M. conceptualiza-
tion, funding acquisition, project administration, wrote and revised 
the manuscript.
All authors read and approved the final manuscript.

ACKNOWLEDG MENTS
We thank Elisa Zianni and Annalisa Longhi for technical assistance 
and Evelyn Ferri for excellent practical work. The authors acknowl-
edge the support of the APC central fund of the University of Milan.

FUNDING INFORMATION
This work was supported by the Fondazione Cariplo (grant num-
ber 2018-0511 to EM and P.D.R), the Italian Ministry of University 
and Research (grant numbers PRIN 2017MYJ5TH and PRIN 
20202THZAW to MDL, PRIN 2017B9NCSX and PRIN 202039WMFP 
to EM, MUR Progetto Eccellenza).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no competing interests.

DATA AVAIL ABILIT Y S TATEMENT
All data generated or analyzed during this study are included in this 
published article and its supplementary information files. The data-
set analyzed during the current study are available from the corre-
sponding authors on reasonable request.

E THIC S S TATEMENT
All participants provided informed consent to use their clinical and 
biological data for the research (study protocol number 0001669, 
January 16, 2020).

ORCID
Silvia Pelucchi   https://orcid.org/0000-0002-5994-487X
Chiara Macchi   https://orcid.org/0000-0002-5919-989X
Laura D’Andrea   https://orcid.org/0000-0002-2042-9782
Michela Carola Speciani   https://orcid.org/0000-0002-7631-612X
Ramona Stringhi   https://orcid.org/0009-0002-7797-5378
Massimiliano Ruscica   https://orcid.org/0000-0002-0195-7061
Beatrice Arosio   https://orcid.org/0000-0002-0615-3580
Monica Di Luca   https://orcid.org/0000-0003-2298-615X
Matteo Cesari   https://orcid.org/0000-0002-0348-3664
Valeria Edefonti   https://orcid.org/0000-0002-1995-1477
Elena Marcello   https://orcid.org/0000-0003-0452-762X

https://orcid.org/0000-0002-5994-487X
https://orcid.org/0000-0002-5994-487X
https://orcid.org/0000-0002-5919-989X
https://orcid.org/0000-0002-5919-989X
https://orcid.org/0000-0002-2042-9782
https://orcid.org/0000-0002-2042-9782
https://orcid.org/0000-0002-7631-612X
https://orcid.org/0000-0002-7631-612X
https://orcid.org/0009-0002-7797-5378
https://orcid.org/0009-0002-7797-5378
https://orcid.org/0000-0002-0195-7061
https://orcid.org/0000-0002-0195-7061
https://orcid.org/0000-0002-0615-3580
https://orcid.org/0000-0002-0615-3580
https://orcid.org/0000-0003-2298-615X
https://orcid.org/0000-0003-2298-615X
https://orcid.org/0000-0002-0348-3664
https://orcid.org/0000-0002-0348-3664
https://orcid.org/0000-0002-1995-1477
https://orcid.org/0000-0002-1995-1477
https://orcid.org/0000-0003-0452-762X


    |  5 of 5PELUCCHI et al.

R E FE R E N C E S
Aspit, L., Levitas, A., Etzion, S., Krymko, H., Slanovic, L., Zarivach, R., 

Etzion, Y., & Parvari, R. (2019). CAP2 Mutation leads to impaired 
Actin dynamics and associates with supraventricular tachycar-
dia and dilated cardiomyopathy. Journal of Medical Genetics, 56, 
228–235.

Bertling, E., Hotulainen, P., Mattila, P. K., Matilainen, T., Salminen, M., 
& Lappalainen, P. (2004). Cyclase-associated protein 1 (CAP1) pro-
motes Cofilin-induced Actin dynamics in mammalian nonmuscle 
cells. Molecular Biology of the Cell, 15(5), 2324–2334.

Cannizzo, E. S., Clement, C. C., Sahu, R., Follo, C., & Santambrogio, L. 
(2011). Oxidative stress, inflamm-aging and immunosenescence. 
Journal of Proteomics, 74, 2313–2323.

Cesari, M., Calvani, R., & Marzetti, E. (2017). Frailty in older persons. 
Clinics in Geriatric Medicine, 33, 293–303.

Cesari, M., Gambassi, G., Abellan van Kan, G., & Vellas, B. (2014). The 
frailty phenotype and the frailty index: Different instruments for 
different purposes. Age and Ageing, 43, 10–12.

Cesari, M., Marzetti, E., Calvani, R., Vellas, B., Bernabei, R., Bordes, P., 
Roubenoff, R., Landi, F., & Cherubini, A. (2017). The need of opera-
tional paradigms for frailty in older persons: The SPRINTT project. 
Aging Clinical and Experimental Research, 29, 3–10.

Clegg, A., Young, J., Iliffe, S., Rikkert, M. O., & Rockwood, K. (2013). 
Frailty in elderly people. The Lancet, 381, 752–762.

Field, J., Ye, D. Z., Shinde, M., Liu, F., Schillinger, K. J., Lu, M., Wang, 
T., Skettini, M., Xiong, Y., Brice, A. K., Chung, D. C., & Patel, V. V. 
(2015). CAP2 in cardiac conduction, sudden cardiac death and eye 
development. Scientific Reports, 5, 17256.

Gurunathan, S., Sebastian, J., Baker, J., Abdel-Hamid, H. Z., West, S. C., 
Feingold, B., Peche, V., Reyes-Múgica, M., Madan-Khetarpal, S., & 
Field, J. (2022). A homozygous CAP2 pathogenic variant in a ne-
onate presenting with rapidly progressive cardiomyopathy and 
nemaline rods. American Journal of Medical Genetics. Part A, 188, 
970–977.

Kepser, L.-J., Damar, F., de Cicco, T., Chaponnier, C., Prószyński, T. J., 
Pagenstecher, A., & Rust, M. B. (2019). CAP2 Deficiency delays my-
ofibril actin cytoskeleton differentiation and disturbs skeletal mus-
cle architecture and function. Proceedings of the National Academy 
of Sciences, 116, 8397–8402.

Lenth, R. V. (2021). Emmeans: Estimated marginal means, aka least-
squares means. R Package Version 1.6.3. https://CRAN.R-proje​
ct.org/packa​ge=emmeans (Accessed May 10, 2023).

Mitnitski, A. B., Mogilner, A. J., & Rockwood, K. (2001). Accumulation of 
deficits as a proxy measure of aging. The Scientific World Journal, 1, 
323–336.

Morley, J. E., Vellas, B., Abellan van Kan, G., Anker, S. D., Bauer, J. M., 
Bernabei, R., Cesari, M., Chumlea, W. C., Doehner, W., Evans, J., 

Fried, L. P., Guralnik, J. M., Katz, P. R., Malmstrom, T. K., McCarter, 
R. J., Gutierrez Robledo, L. M., Rockwood, K., von Haehling, S., 
Vandewoude, M. F., & Walston, J. (2013). Frailty consensus: A call 
to action. Journal of the American Medical Directors Association, 14, 
392–397.

Pelucchi, S., Vandermeulen, L., Pizzamiglio, L., Aksan, B., Yan, J., 
Konietzny, A., Bonomi, E., Borroni, B., Padovani, A., Rust, M. B., di 
Marino, D., Mikhaylova, M., Mauceri, D., Antonucci, F., Edefonti, V., 
Gardoni, F., di Luca, M., & Marcello, E. (2020). Cyclase-associated 
protein 2 dimerization regulates cofilin in synaptic plasticity and 
Alzheimer's disease. Brain Commun, 2(2), fcaa086.

R Development Core Team. (2022). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing. Available 
online: http://www.R-proje​ct.org (Accessed May 10, 2023).

Romero-Ortuno, R. (2014). Frailty index in Europeans: Association with 
determinants of health. Geriatrics & Gerontology International, 14, 
420–429.

Rust, M. B., Khudayberdiev, S., Pelucchi, S., & Marcello, E. (2020). CAPt'n 
Of Actin dynamics: Recent advances in the molecular, developmen-
tal and physiological functions of cyclase-associated protein (CAP). 
Frontiers in Cell and Development Biology, 8, 586631.

Rust, M. B., & Marcello, E. (2022). Disease association of cyclase-
associated protein (CAP): Lessons from gene-targeted mice and 
human genetic studies. European Journal of Cell Biology, 101, 151207.

Searle, S. D., Mitnitski, A., Gahbauer, E. A., Gill, T. M., & Rockwood, K. 
(2008). A standard procedure for creating a frailty index. BMC 
Geriatrics, 8, 24.

Venables, W. N., & Ripley, B. D. (2002). Modern Applied Statistics with S 
(Fourth ed.). Springer. ISBN 0–387–95457-0.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Pelucchi, S., Macchi, C., D’Andrea, L., 
Rossi, P. D., Speciani, M. C., Stringhi, R., Ruscica, M., Arosio, B., 
Di Luca, M., Cesari, M., Edefonti, V., & Marcello, E. (2023). An 
association study of cyclase-associated protein 2 and frailty. 
Aging Cell, 22, e13918. https://doi.org/10.1111/acel.13918

https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans
http://www.r-project.org
https://doi.org/10.1111/acel.13918

	An association study of cyclase-­associated protein 2 and frailty
	Abstract
	1|EXPERIMENTAL PROCEDURES
	1.1|Study design
	1.2|CAP2 measurement
	1.3|Statistical analysis

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


