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Abstract Physical frailty is a syndrome that typi-
cally manifests in later life, although the pathogenic 
process causing physical frailty likely begins decades 
earlier. To date, few studies have examined the bio-
logical signatures in mid-life associated with physical 
frailty later in life. Among 4,189 middle-aged par-
ticipants (57.8 ± 5.0  years, 55.8% women) from the 
Atherosclerosis Risk in Community (ARIC) study, 
we evaluated the associations of 4,955 plasma pro-
teins (log 2-transformed and standardized) measured 

using the SomaScan platform with their frailty sta-
tus approximately 20  years later. Using multinomial 
logistic regression models adjusting for demograph-
ics, health behaviors, kidney function, total choles-
terol, and comorbidities, 12 and 221 proteins were 
associated with prefrailty and frailty in later life, 
respectively (FDR p < 0.05). Top frailty-associated 
proteins included neurocan core protein (NCAN, 
OR = 0.66), fatty acid-binding protein heart (FABP3, 
OR = 1.62) and adipocyte (FABP4, OR = 1.65), as 
well proteins involved in the contactin-1 (CNTN1), 
toll-like receptor 5 (TLR5), and neurogenic locus 
notch homolog protein 1 (NOTCH1) signaling path-
way relevant to skeletal muscle regeneration, myeli-
nation, and inflammation. Pathway analyses suggest 
midlife dysregulation of inflammation, metabolism, 
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extracellular matrix, angiogenesis, and lysosomal 
autophagy among those at risk for late-life frailty. 
After further adjusting for midlife body mass index 
(BMI) – an established frailty risk factor – only 
CNTN1 (OR = 0.75) remained significantly associ-
ated with frailty. Post-hoc analyses demonstrated that 
the top 41 midlife frailty-associated proteins medi-
ate 32% of the association between mid-life BMI and 
late-life frailty. Our findings provide new insights into 
frailty etiology earlier in the life course, enhancing 
the potential for prevention.

Keywords Proteomics · Midlife · Frailty · Aging

Introduction

Physical frailty, a state of reduced reserve and 
increased vulnerability to stressors, is often consid-
ered a geriatric condition. To date, research on frailty, 
including studies of biological and physiological 
mechanisms underlying frailty, has largely focused on 
later life [1], with comparatively less attention given 
to midlife. However, the biological and physiological 
changes leading to late-life frailty may start in midlife 
[2, 3]. For example, the presence of damage repair 
and clearance mechanisms may compensate for the 
biological and physiological deterioration and delay 
the clinical manifestation of frailty until the biologi-
cal and physiological impairment passes the capacity 
of the compensatory mechanisms [4, 5]. In support 
of this hypothesis, midlife obesity [6–9], cardiovas-
cular risk factors (including blood pressure, choles-
terol, and glucose) [7], and physical inactivity [10] 
have been associated with a higher risk of frailty in 
later life. These midlife risk factors may share com-
mon biological mechanisms with frailty or contribute 
to biological changes that lead to frailty. Walker and 
colleagues found that higher circulating inflammatory 
markers (C-reactive protein and a composite score of 
fibrinogen, von Willebrand factor, Factor VIII, and 
white blood cell count) during mid-life were asso-
ciated with a higher risk of frailty in older age [3]. 
Nguyen and colleagues found that among non-frail 
African-American participants aged 49–65  years, 
serum progranulin, a lysosomal protein that is ele-
vated with obesity and type 2 diabetes, was associated 
with frailty status 9 years later [11]. Together, these 
findings suggest that specific biological alterations 

occurring during middle age may influence frailty 
risk in later life. Yet to our knowledge, no proteomic 
studies of frailty have investigated the midlife pro-
teins contributing to the development of frailty later 
in life. Such studies are needed to better understand 
the mechanisms of frailty and inform the develop-
ment of novel intervention strategies for delaying or 
reversing the trajectory of frailty.

To this end, we examined nearly 5000 plasma pro-
teins quantified in midlife from 4,189 participants 
in the Atherosclerosis Risk in Community (ARIC) 
study. We assessed the associations of these pro-
teins with frailty status defined by the physical frailty 
phenotype [12] approximately 20 years after protein 
measurement. This broad assessment of proteins in 
a proteomic approach allows agnostic exploration of 
biomarkers beyond those that are theoretically con-
ceived to be related to frailty.

Methods

Study population

The ARIC study is an ongoing community-based 
cohort study originally designed to understand the 
etiology of atherosclerosis and its clinical conse-
quences starting in midlife [13, 14]. The participants 
were enrolled from 4 communities across the United 
States: Washington County, MD; Forsyth County, 
NC; northwestern suburbs of Minneapolis, MN; and 
Jackson, MS [13]. We used Visit 3 (1993–1995) of 
the ARIC study as baseline when 11,478 participants 
had plasma proteomics measured. Late-life frailty sta-
tus was ascertained in Visit 5 (2011–2013), Visit 6 
(2016–2017), and Visit 7 (2018–2019).

Among the 11,478 participants at baseline, we 
excluded self-identified non-Black and non-White 
participants or self-identified Black participants at 
the Washington County and Minneapolis study sites 
due to small sample sizes (n = 70) and participants 
who had missing covariates (n = 1,370). Among the 
remaining participants, 4,189 (42%) participants had 
at least one frailty assessment in Visits 5–7. The mean 
follow-up was 19.9 years (SD = 2.9 years). These par-
ticipants were included in the main analysis. These 
participants aged 50–71  years at baseline (Fig.  S1), 
among whom 3,698 participants were below 65 years 
(88%).



5249GeroScience (2024) 46:5247–5265 

1 3
Vol.: (0123456789)

Proteomics measurement

Relative abundances of the plasma proteins and pro-
tein complexes were measured by the SomaScan plat-
form (Version 4.0, Somalogic, Inc., Boulder, Colo-
rado). The SomaScan platform uses single strands of 
DNA with chemically modified nucleotides, called 
modified aptamers or “SOMAmers”, which act as 
protein-binding reagents with defined three-dimen-
sional structures and unique nucleotide sequences 
[15]. The abundances of the SOMAmers were quan-
tified using dynamic DNA detection technology and 
represented the levels of the proteins in plasma. The 
assay was shown to have a sensitivity comparable 
to the conventional immunoassay approaches [16] 
and good reproducibility [17, 18]. A total of 4,995 
SOMAmers of 4,712 unique proteins passed the 
quality control in ARIC and were used in the present 
study.

Frailty assessment

Frailty was operationalized in the ARIC study 
using the five criteria of the physical frailty phe-
notype: weight loss, weakness, slowness, exhaus-
tion, and low physical activity [19]. Weight loss at 
Visit 5 was defined as > 10% decrease in measured 
weight from Visit 4 (1996–1998) or having a cur-
rent BMI < 18.5  kg/m2. At Visits 6 and 7, > 5% 
lower weight from the previous visit or current 
BMI < 18.5 kg/m2 was used. The higher weight loss 
threshold was used at Visit 5 due to the longer time 
intervals between Visits 4 and 5 compared to the sub-
sequent visits, and the time interval may have over-
lapped with midlife [20]. Weakness was defined as 
grip strength below the cut-points established in the 
Cardiovascular Health Study (CHS, Table  1) [12]. 
Slowness was defined as the usual gait speed below 
the CHS cut-points. Exhaustion was defined as 
responding “some of the time” or “most of the time” 
to either of the two questions from the CES-D scale: 
I felt everything I did was an effort, or I could not get 
“going”. Low physical activity was ascertained as 
ranking in the lowest quintile of self-reported physi-
cal activity.

The presence of no criteria was defined as robust; 
1–2 criteria as prefrail; and 3–5 criteria as frail. Par-
ticipants who were missing data components of the 
frailty definition leading to ambiguous classification 

were assigned a missing value for frailty (Table  1). 
The frailty outcome was assessed as the worst frail 
state across visits 5–7.

Protein association analysis

We used multinomial logistic regression models 
with the three categories of final frailty status as the 
dependent variable and the relative abundances of the 
SOMAmers as the main independent variable. The 
relative abundances were first log 2-transformed and 
then further standardized to mean zero and standard 
deviation of one. Each multinomial logistic model 
produced two sets of coefficients: one estimated the 
odds ratio (OR) of being frail relative to robust per 
1 standard deviation (SD) higher abundance of the 
SOMAmers, and the other estimated the OR of being 
prefrail relative to robust per 1 SD higher abundance 
of the SOMAmers.

We progressively adjusted for covariates as fol-
lows: Model 1 (adjusted for self-reported age at Visit 
3, sex, race-center, education, and family income), 
Model 2 (additionally adjusted for drinking and 
smoking status, dietary protein intake, total choles-
terol, estimated glomerular filtration rate [eGFR], 
history of hypertension, diabetes, coronary heart dis-
ease, heart failure, cancer, and chronic lung disease, 
and functional limitation); and Model 3 (additionally 
adjusted for body mass index [BMI]). Functional lim-
itation was measured during annual phone follow-up 
as reported inability to do any of the following activi-
ties: usual activities such as work around the house 
or recreation, walking up and down stairs to the sec-
ond floor without help, doing heavy work around the 
house without help, and walking half a mile without 
help. The status reported closest to the date of Visit 3 
was used (96% reported status within 180 days before 
and 30 days after Visit 3). The detailed definitions of 
other covariates are summarized in Table S1. Chronic 
conditions and BMI were chosen for adjustment due 
to their reported associations with the plasma proteins 
and with frailty to control for potential confounding 
effects [6–9, 21–24]. Because BMI is related (albeit 
not deterministically) to the weight loss criteria, we 
performed separate sets of analyses excluding BMI 
(Model 2) and including BMI (Model 3) as a covar-
iate. In the main text, we focus on the results from 
Model 2 (BMI-unadjusted model) and Model 3 
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(BMI-adjusted model). The results from Model 1 can 
be found in Table S14 in the Supplemental Material.

SOMAmers were considered significant at the 
Bonferroni level, the most rigorous and conservative 
threshold, if p-value < 1 ×  10–5 (0.05/4955). We also 
reported SOMAmers that passed a false discovery 
rate (FDR) level (Benjamini–Hochberg FDR adjusted 
p-value < 0.05) to include potentially important 
proteins.

Due to the number of participants excluded in the 
main analysis due to death over the 18 years between 
Visit 3 and Visit 5, lack of an in-person exam dur-
ing Visits 5–7, or incomplete frailty assessments, 
we included 5,849 such participants with complete 
covariates as a separate category, “loss to follow-up”, 

in addition to the final frailty status (Fig. S1) and used 
multinomial logistic regression models with four 
categories of the outcome, i.e., robust, prefrail, frail, 
and loss to follow-up, as a sensitivity analysis. As 
frailty assessment was not implemented at baseline, 
we performed another sensitivity analysis excluding 
participants with functional limitations (n = 394) to 
reduce the impact of unknown frailty status at base-
line (Fig.  S1). Lastly, to address concerns that BMI 
was both an adjustment variable and a criterion 
for frailty, we performed two additional sensitivity 
analyses: first, we excluded 13 participants whose 
BMI < 18.5  kg/m2 at Visit 3; second, we removed 
weight loss from our frailty definition and categorized 
participants meeting 3–4 criteria as frail.

Table 1  Definitions and measurements of physical frailty in ARIC

Components of physical frailty
Criteria Definition and measurements
Weight loss Visit 5: > 10% weight loss from Visit 4 by direct measure of weight, or BMI < 18.5 kg/m2 at cur-

rent visit
Visit 6/7: > 5% weight loss from Visit 5/6 by direct measure of weight, or BMI < 18.5 kg/m2 at 

current visit
Weakness Grip strength in the preferred hand (better of two measurements) below the following gender and 

BMI-specific cut-points:
Men:
• BMI ≤ 24 kg/m2: ≤ 29 kg
• BMI 24.1–26 kg/m2: ≤ 30 kg
• BMI 26.1–28 kg/m2: ≤ 30 kg
• BMI > 28 kg/m2: ≤ 32 kg

Women:
• BMI ≤ 23 kg/m2: ≤ 17 kg
• BMI 23.1–26 kg/m2: ≤ 17.3 kg
• BMI 26.1–29 kg/m2: ≤ 18 kg
BMI > 29 kg/m2: ≤ 21 kg

Slowness Time to walk 4 m at usual pace below the following gender- and height-specific cut-points:
Men:
• Height ≤ 173 cm: ≥ 7 s
• Height > 173 cm: ≥ 6 s

Women:
• Height ≤ 159 cm: ≥ 7 s
Height > 159 cm: ≥ 6 s

Exhaustion Responded “some of the time” or “most of the time” to the following questions from CES-D scale: 
I felt everything I did was an effort, or I could not get “going”

Low physical activity Gender-specific lowest 20% of rank based on the Modified Baecke Physical Activity Question-
naire sports and exercise index

Physical frailty status
# Criteria missing # Non‑missing criteria met Frailty status
0 0 Robust
0 1 – 2 Prefrail
0 3 – 5 Frail
1 – 2 0 Missing (can be robust or prefrail)
1 1 Prefrail
1 2 Missing (can be prefrail or frail)
2 1 – 2 Missing (can be prefrail or frail)
2 3 Frail
3 – 4 0 Missing (can be robust or prefrail or frail)
3 – 4 1 – 2 Missing (can be prefrail or frail)
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Post-hoc analyses of frailty-associated proteins and 
BMI

As strong attenuations of protein-prefrailty/frailty 
associations were observed with BMI adjustment, 
we examined the bidirectional associations between 
BMI and protein levels of the 221 proteins associ-
ated with frailty in the primary analysis (without BMI 
adjustment) to better understand whether BMI was a 
confounder or mediator. Among 3,645 participants 
who had complete measures of proteomics, BMI, 
and covariates at both Visit 2 (1990–1992) and Visit 
3 (1993–1995, Fig. S1), we used two sets of models 
to examine the associations of the proteins and BMI 
with the level of the other variable at a later visit:

where the subscripts of the variables denoted the 
visit when the variable was measured. Here, �

1
 can 

be interpreted as the association between protein at 
Visit 2 and BMI at Visit 3 among participants with 
the same BMI at Visit 2, informing the associations 
on the BMI to protein level direction. Conversely, �

1
 

can be interpreted as the association between BMI at 
Visit 2 and the protein at Visit 3 among participants 
with the same protein level at Visit 2, informing the 
associations on the protein level to BMI direction. To 
compare �

1
 and �

1
 , we scaled the protein levels and 

BMI at both visits using their respective standard 
deviations at Visit 2. Pathway analysis was performed 
for proteins associated with BMI change or whose 
changes were associated with BMI (FDR p < 0.05) 
using IPA. Based on the results of these two sets of 
models, we performed mediation analysis to under-
stand the proportion of the effect of BMI on frailty/
prefrail that was mediated through the proteins asso-
ciated with each status at the Bonferroni level (see 
Supplemental Methods for details).

Pathway and upstream regulator analyses

To better interpret the biological and functional 
pathways represented by the proteins, we performed 
canonical pathway analysis and upstream regulator 
analysis using QIAGEN’s Ingenuity Pathway Analy-
sis (IPA). Ingenuity Knowledge Base and the 4,955 
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proteins in our data (user database) were used as 
separate reference sets and direct and indirect experi-
mentally confirmed relationships from humans were 
included in the analysis. For Model 2, 150 unique 
proteins associated with prefrailty, and 372 unique 
proteins associated with frailty with nominal p < 0.01 
were mapped to the IPA database and included in the 
analyses. For Model 3, 199 prefrailty-associated pro-
teins and 316 frailty-associated proteins with nominal 
p-value < 0.05 were mapped and included. As QIA-
GEN recommends approximately 100 proteins for 
the analyses, a less stringent p-value threshold was 
chosen to achieve a sufficient number of proteins. The 
IPA uses a right-tailed Fisher’s exact test to quan-
tify the probability of overlap due to random chance 
between our list of proteins and a set of proteins 
known to exist within a specific pathway or being 
regulated by an upstream regulator [25]. We reported 
pathways and upstream regulators that have p-values 
for enrichment < 0.05 after the Benjamini–Hochberg 
FDR adjustment.

Results

Participant characteristics

The baseline characteristics of the 11,478 participants 
who had proteomics measurements are summarized 
in Table 2, stratified by their late-life frailty status or 
loss to follow-up. Of the 4,189 participants included 
in the main analysis, 557 participants (13.3%) were 
frail in later life, 2,586 participants (61.7%) were pre-
frail in late life, and 1,046 participants (25.0%) were 
robust in later life. Compared to participants who 
were robust in late life, frail/prefrail participants were 
older, more likely to be women, current smokers, 
self-identify as Black, and have lower education and 
family income. They also had lower eGFR and higher 
BMI, and were more likely to have functional limita-
tions, and chronic diseases.

Compared to participants included in the main 
analysis, participants lost to follow-up were older, 
more likely to self-identify as Black race, be current 
smokers, have lower education and family income, 
lower eGFR, higher BMI, and higher prevalence of 
functional limitation, and chronic diseases.
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Table 2  Baseline participant characteristics

eGFR = estimated glomerular filtration rate. BMI = body mass index. a Loss to follow-up included death over the 18 years between 
Visit 3 and Visit 5, no in-person exam during Visits 5–7, or incomplete frailty assessments at Visits 5–7

Robust Prefrail Frail Loss to Follow-upa

Mean (SD) / N (%) n = 1046 n = 2586 n = 557 n = 5849
Age, years 56.6 (4.5) 57.9 (5.0) 59.2 (5.1) 61.8 (5.6)
Women 546 (52.2%) 1440 (55.7%) 350 (62.8%) 3104 (53.1%)
Race center

  Minneapolis Whites 386 (36.9%) 838 (32.4%) 137 (24.6%) 1486 (25.4%)
  Jackson Blacks 123 (11.8%) 386 (14.9%) 101 (18.1%) 1074 (18.4%)
  Washington Whites 288 (27.5%) 747 (28.9%) 197 (35.4%) 1558 (26.6%)
  Forsyth Blacks 11 (1.1%) 40 (1.5%) 11 (2.0%) 212 (3.6%)
  Forsyth Whites 238 (22.8%) 575 (22.2%) 111 (19.9%) 1519 (26.0%)

Education
  Less than high school 83 (7.9%) 290 (11.2%) 116 (20.8%) 1483 (25.4%)
  High school/GED/vocational school 412 (39.4%) 1144 (44.2%) 253 (45.4%) 2467 (42.2%)
  Any College 551 (52.7%) 1152 (44.5%) 188 (33.8%) 1899 (32.5%)

Family income
  Family Income < $25,000 per year 162 (15.5%) 592 (22.9%) 179 (32.1%) 2426 (41.5%)
  Family Income $25,000 to < $50,000 per year 421 (40.2%) 1082 (41.8%) 234 (42.0%) 2216 (37.9%)
  Family Income ≥ $50,000 per year 463 (44.3%) 912 (35.3%) 144 (25.9%) 1207 (20.6%)
  Dietary protein intake, g/day 75.6 (31.9) 73.9 (31.4) 76.6 (35.9) 77.7 (47.9)

Drinking status
  Current Drinker 689 (65.9%) 1564 (60.5%) 300 (53.9%) 2825 (48.3%)
  Former Drinker 153 (14.6%) 476 (18.4%) 109 (19.6%) 1517 (25.9%)
  Never Drinker 204 (19.5%) 546 (21.1%) 148 (26.6%) 1507 (25.8%)

Smoking status
  Never Smoker 490 (46.8%) 1173 (45.4%) 241 (43.3%) 2159 (36.9%)
  Former Smoker 449 (42.9%) 1095 (42.3%) 227 (40.8%) 2427 (41.5%)
  Current Smoker 107 (10.2%) 318 (12.3%) 89 (16.0%) 1263 (21.6%)
  Total cholesterol, mmol/L 5.3 (0.9) 5.3 (0.9) 5.4 (1.0) 5.4 (1.0)
  eGFR, ml/min/1.73  m2 93.5 (13.5) 91.8 (14.0) 87.1 (14.8) 85.1 (17.7)
  Functional limitation 73 (7.0%) 230 (8.9%) 91 (16.3%) 1265 (21.6%)
  Hypertension 266 (25.4%) 784 (30.3%) 249 (44.7%) 2797 (47.8%)
  Diabetes 60 (5.7%) 224 (8.7%) 79 (14.2%) 1202 (20.6%)
  Coronary heart disease 32 (3.1%) 102 (3.9%) 25 (4.5%) 582 (10.0%)
  Heart failure 14 (1.3%) 74 (2.9%) 24 (4.3%) 429 (7.3%)
  Stroke 3 (0.3%) 19 (0.7%) 8 (1.4%) 164 (2.8%)
  Cancer 59 (5.6%) 178 (6.9%) 37 (6.6%) 590 (10.1%)
  Lung disease 41 (3.9%) 138 (5.3%) 40 (7.2%) 556 (9.5%)
  BMI 26.6 (4.1) 28.0 (4.8) 30.7 (6.2) 28.7 (5.8)

Frailty component
  Weight loss 565 (22.3%) 195 (36.1%)
  Low grip strength 788 (31.8%) 309 (59.2%)
  Slow walking 317 (12.8%) 268 (51.3%)
  Exhaustion 186 (7.4%) 145 (26.9%)
  Low physical activity 357 (14.4%) 234 (44.1%)
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Mid-life proteins associated with late-life prefrailty 
and frailty

After adjusting for demographic characteristics, 
health behaviors, physiological variables, and chronic 
conditions (Model 2), 45 and 221 proteins were 
associated with frailty at the Bonferroni level and 
the FDR level, respectively. The top proteins asso-
ciated with lower risk of frailty included neurocan 
core protein (NCAN, OR = 0.66), seizure 6-like pro-
tein (SEZ6L, OR = 0.67), insulin-like growth factor-
binding protein 1 (IGFBP1, OR = 0.69), contactin-1 
(CNTN1, OR = 0.68), and prostate-associated micro-
seminoprotein (MSMP, OR = 0.71). The top proteins 

associated with a higher risk of frailty included fatty 
acid-binding protein heart (FABP3, OR = 1.62), lep-
tin (LEP, OR = 1.65), fatty acid-binding protein adi-
pocyte (FABP4, OR = 1.54), follistatin-related pro-
tein 3 (FSTL3, OR = 1.49), and high-temperature 
requirement serine protease A1 (HTRA1, OR = 1.40, 
Fig. 1A, Table S2). NCAN showed the strongest asso-
ciation with a lower risk of prefrailty (OR = 0.81), 
whereas HTRA1 (OR = 1.21) was most strongly asso-
ciated with a higher risk of prefrailty, both significant 
at the Bonferroni level. Another 10 proteins were 
associated with prefrailty at an FDR-corrected level, 
including neurogenic locus notch homolog protein 1 
(NOTCH1, OR = 0.83), receptor-type tyrosine-protein 

Fig. 1  Proteins associ-
ated with prefrailty (a) and 
frailty (b) adjusted for age, 
sex, race-center, education, 
family income, dietary 
protein intake, drinking 
status, smoking status, 
total cholesterol, estimated 
glomerular filtration rate, 
functional limitation, and 
history of hypertension, 
diabetes, coronary heart dis-
ease, heart failure, stroke, 
cancer, and lung disease. 
Top 20 prefrailty-associated 
proteins were annotated 
with entrez gene symbol
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phosphatase delta (PTPRD, OR = 0.843), plasmino-
gen activator inhibitor 1 (SERPINE1, OR = 1.19), and 
ADAMTS-like protein 2 (ADAMTSL2, OR = 1.21, 
Fig. 1B, Table S2). A comparison of protein-specific 
associations with prefrailty versus frailty (Fig.  S2) 
indicates a general consistency for protein associa-
tions across both the prodromal and overt frailty phe-
notypes (Spearman rho = 0.62).

After further adjustment for midlife BMI (Model 
3), an established frailty risk factor, only CNTN1 
(OR = 0.75) remained significantly associated with 
frailty at the Bonferroni-corrected threshold. No pro-
tein remained significantly associated with prefrailty 
at either the Bonferroni or the FDR level (Fig.  2, 

Table S3). Figure 3 summarizes the attenuation of the 
protein-frailty associations after BMI adjustment for 
the 45 proteins that passed the Bonferroni correction. 
The largest effect size attenuation was observed for 
proteins involved in metabolism, including IGFBP1, 
LEP, FABP3, and FABP4, whereas other proteins 
showed minimal effect size and p-value attenua-
tions, e.g., CNTN1, toll-like receptor 5 (TLR5), and 
vesicle-fusing ATPase (NSF). Notably, several pro-
teins associated with frailty at FDR level in Model 2, 
including triggering receptor expressed on myeloid 
cells 1 (TREM1) and elafin (PI3), showed compara-
tively stronger associations with frailty after BMI 
adjustment (Fig. S3).

Fig. 2  Proteins associ-
ated with prefrailty (a) and 
frailty (b) adjusted for age, 
sex, race-center, education, 
family income, dietary pro-
tein intake, drinking status, 
smoking status, total choles-
terol, estimated glomerular 
filtration rate, functional 
limitation, history of hyper-
tension, diabetes, coronary 
heart disease, heart failure, 
stroke, cancer, and lung 
disease, and BMI. Top 20 
proteins were annotated 
with entrez gene symbol
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Sensitivity analyses including participants lost to 
follow-up as a separate outcome category and exclud-
ing participants with functional limitation at Visit 3 in 
Model 2 produced consistent findings with minimal 
changes in the magnitudes of the protein-frailty/pro-
tein-prefrailty associations (Figs S4-S7, Tables  S4-
S5). BMI adjustment still greatly attenuated the 
associations between proteins and prefrail/frail state 
in the analyses excluding the 13 participants with 
BMI < 18.5 kg/m2 at Visit 3 or excluding weight loss 
from our frailty definition (data not shown).

Characterizing the link between BMI and 
frailty-associated proteins

With few exceptions, the 221 proteins associated with 
frailty in the primary analysis without BMI adjust-
ment had stronger standardized associations on the 
BMI to protein level direction than the protein level 
to BMI directions over a three-year follow-up period 
during midlife (Visit 2 to Visit 3). Moreover, 155 
proteins (70%) were significant on the BMI to pro-
tein level direction (FDR p < 0.05) whereas only 24 

Fig. 3  The attenuation of protein associations (upper plot) and 
p-values (lower plot) with frailty after BMI adjustment for the 
45 proteins associated with frailty at Bonferroni level in BMI-
unadjusted model. The starting positions of the arrows denote 
the coefficients and p-values in the BMI-unadjusted model 

(Model 2). The end positions of the arrows denote the coef-
ficients and p-values in BMI-adjusted model (Model 3). The 
directions of the arrows denote direction of change. Proteins 
were arranged by the magnitude of the attenuation in coeffi-
cients
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proteins (11%) were significant on the protein level to 
BMI direction (FDR p < 0.05, Fig. 4A and Fig. S8A). 
Lastly, the associations on the BMI to protein level 
direction were consistent with the protein-frailty asso-
ciations from the primary analysis for most proteins 
(Fig.  4B and Fig.  S8B). Given the small number of 
underweight participants (BMI < 18.5 kg/m2) at Visit 
2 (n = 10) and Visit 3 (n = 13), the BMI to protein 
level direction suggested that higher (less healthy) 
BMI was associated with worse protein profile at a 
later visit. In contrast, the protein level to BMI asso-
ciations were weaker and did not explain the protein-
frailty associations in the primary analysis (Fig.  4C 
and Fig. S8C). These results suggest that although the 
protein-BMI association is possibly bidirectional, at 
this stage, BMI appears to be a stronger driver of pro-
tein levels than proteins are of BMI.

The 155 proteins on the BMI to protein level direc-
tion were enriched for inflammation and metabolisms 
with the strongest activation predicted for acute phase 
response and cachexia signaling pathways Fig.  S9). 
Based on the stronger association between Visit 2 
BMI and Visit 3 proteins than the other way around, 
we performed a mediation analysis to determine 
whether frailty-associated proteins mediated the asso-
ciation between midlife BMI and frailty risk in later 
life. The analysis revealed that the 41 midlife proteins 
associated with late-life frailty at the Bonferroni level 
mediated 31.6% of the effect of midlife BMI at Visit 
3 on late-life frailty on the relative risk scale (95% CI: 
13.5, 50.3). The 2 proteins that were associated with 
prefrailty at the Bonferroni level mediated 14.4% of 
the effect of midlife BMI and late-life prefrailty on 
the relative risk scale (95% CI: 6.0, 24.0).

Enriched pathways and upstream regulators of the 
discovered proteins

The top 10 enriched pathways among the prefrailty- 
or frailty-associated proteins using Ingenuity Knowl-
edge Base as the reference set are shown in Fig. 5A. 
Several pathways related to inflammation were 
among the top activated pathways, e.g., acute phase 
response, wound healing, and high mobility group-B1 
(HMGB1) signaling pathways. Metabolic pathways, 
including peroxisome proliferator-activated receptor 
(PPAR) signaling and liver X receptors/retinoid X 
receptors (LXR/RXR) activation pathways, showed 

the strongest evidence for inhibition. Results also 
suggest that LPS/IL-1 mediated inhibition of RXR 
function may be activated, particularly among those 
at risk for frailty, potentially linking inflammation 
with impaired metabolism. When pathway analyses 
were applied to prefrailty/frailty-associated proteins 
from BMI-adjusted models, the metabolism-related 
pathways showed comparatively lower enrichment, 
whereas the inflammation-related pathways, such 
as toll-like receptor signaling and pathogen induced 
cytokine storm signaling, were more prominently 
enriched among prefrailty-associated proteins. The 
complete lists of significantly enriched pathways 
(FDR p-value for enrichment < 0.05) are summarized 
in Tables S6-S9. Using the user database as the ref-
erence set, no pathways reached significance at an 
FDR-corrected threshold. However, the farnesoid X 
receptor/liver X receptor (FXR/RXR) activation, the 
LPS/IL-1 mediated inhibition of RXR function path-
way, and the CLEAR signaling pathway remained as 
top enriched pathways across models at a nominal 
p < 0.05 (Fig. S10).

The top 10 enriched upstream regulators asso-
ciated with prefrailty and frailty using Ingenuity 
Knowledge Base as the reference set are shown in 
Fig. 5B. Inflammatory cytokines including the tumor 
necrosis factor (TNF) superfamily, interferon regu-
lator factor 2 (IRF2), IL-1 beta, and IL-17A were 
among the enriched upstream regulators for proteins 
associated with prefrailty or frailty (both with and 
without BMI adjustment). Collagen type XVIII alpha 
1 chain (COL18A1) and estrogen receptor that regu-
late proteins involved in angiogenesis, and Sortilin 
related receptor 1 (SORL1) related to lipid and beta-
amyloid metabolism were another three upstream 
regulators that were enriched for both frailty status 
in both models. The full lists of significant upstream 
regulators (FDR p-value for enrichment < 0.05) and 
their target proteins can be found in Tables S10-S13. 
Using user database as the reference set, less enrich-
ment was observed among upstream regulators. 
However, IRF2 remained a top activated upstream 
regulator, and several regulators related to metabo-
lism (e.g., hepatocyte nuclear factor 1 homeobox A 
[NHF1A], delta like non-canonical Notch ligand 1 
[DLK1], and anoctamin 1 [ANO1]) emerged as con-
sistent enriched upstream regulators across models 
(nominal p < 0.05, Fig. S10).
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Fig. 4 ( a) The associations between BMI at Visit 2 and 
change in protein levels between Visit 2 and Visit 3 and the 
associations between protein at Visit 2 and change in BMI 
between Visit 2 and Visit 3 for the 45 proteins associated with 
frailty at the Bonferroni level in the BMI-unadjusted model. 
(b) The comparison of association between BMI at Visit 2 and 

change in protein levels between Visit 2 and Visit 3 and the 
association between protein levels at Visit 3 and late-life frailty 
in BMI-unadjusted models. (c) The comparison of association 
between protein at Visit 2 and change in BMI between Visit 2 
and Visit 3 and the association between protein levels at Visit 3 
and late-life frailty in BMI-unadjusted models
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Discussion

Our proteome-wide analyses discovered a large set of 
plasma proteins measured in mid-life that were asso-
ciated with prefrailty and/or frailty in late-life after 
adjusting for demographic factors, health behaviors, 
health indicators excluding BMI, and history of vari-
ous chronic conditions. Inflammation, metabolism, 
extracellular matrix, angiogenesis, and lysosomal 
autophagy are biological mechanisms implicated by 
the discovered proteins using pathway and upstream 
regulator analyses. To our knowledge, this is the first 
study of midlife proteins and late-life frailty in a large 
sample mostly consisting of community-dwelling 
middle-aged adults. Our findings extend the under-
standing of frailty pathogenesis beyond older adult-
hood into midlife and provide a set of candidate 
proteins to further examine their mechanistic contri-
bution to frailty earlier in the life course.

Some of the top proteins in the present study, 
including NCAN, CNTN1, voltage-dependent cal-
cium channel subunit alpha-2/delta-3 (CACNA2D3), 
FABP, FABPA, LEP, FSTL3, RNASE1, and TREM1, 
have been shown to be associated with frailty tra-
jectories [26] and incident frailty when measured in 
late-life [25]. Importantly, our findings suggest that 
the role of these proteins in frailty development may 
start well before older adulthood, advocating the need 
for preventive efforts with the onset of midlife health 
conditions. Additionally, our discovery included 
many novel proteins measured in mid-life that have 
not previously been associated with incident late-life 

frailty when proteins were also measured in older age 
[25], e.g., NOTCH1, TLR5, PTPRD, and SERPINE1, 
suggesting that different proteins may be important at 
different stages of life. The common and unique pro-
tein signatures of frailty in mid-life and in our previ-
ous late-life proteomics study of frailty [25] can be 
found in Table  S15. The large sample size and the 
focus on the early stage of frailty development are 
two strengths of the current study that have likely 
facilitated the detection of novel frailty-associated 
proteins.

Our findings of protein-frailty associations were 
mostly consistent with the current understanding of 
the roles of these proteins in age-related conditions. 
Notably, midlife NCAN, the strongest protective pro-
tein for late-life prefrailty and frailty in our analyses, 
is a chondroitin sulfate proteoglycan of the lectican 
family that modulates neuronal adhesion and neur-
ite growth in brain development by binding to neural 
cell adhesion molecule 1 (NCAM1), another frailty-
associated protein [27]. Previous studies demonstrat-
ing an association between a higher level of plasma 
NCAN and greater whole brain and grey matter vol-
ume [28], and a downregulation of NCAN expression 
in aged skeletal muscle support the protective asso-
ciation between NCAN and the frailty phenotype in 
the present study [29]. Although NCAN has a role 
in brain development, genetic variants in or near the 
NCAN gene have been associated with triglycerides, 
LDL cholesterol, and body composition, suggesting 
a pleiotropic role of this protein in brain and meta-
bolic health and a potential link between brain health 
and physical health [30].

CNTN1 was the only protective protein asso-
ciated with frailty after adjusting for BMI. Like 
NCAN, it is a cell adhesion molecule expressed pri-
marily in the central and peripheral nervous system 
[31, 32], though it is also expressed in the neuromus-
cular junction in the skeletal muscle [33]. Genetic 
variants in the CNTN1 gene, gene expression level 
in the neuromuscular junction, and plasma protein 
level have been associated with muscle strength and 
mobility disability [33–35]. Also, loss of the CNTN1 
gene in a mouse model showed intestinal dysfunc-
tion and wasting [36]. All this evidence supports 
that CNTN1 may play a protective role in frailty 
development. Some of the effects of CNTN1 may be 

Fig. 5  The top 10 enriched pathway (a) and top 10 upstream 
regulators (b) among proteins associated with prefrailty and 
frailty in BMI-unadjusted model (Model 2) and BMI-adjusted 
model (Model 3) using the IPA Ingenuity Knowledge Base 
as the reference set. Bars with solid border denote the top 10 
pathways or regulators for each analysis. Bars with dashed 
border denote pathways or regulators that are significantly 
enriched after FDR correction but are not among the top 10 
pathways or regulators for the specific analysis. The length of 
the bar denotes the -log(p-values after FDR correction). Strip 
pattern denotes pathways or regulators that are predicted to 
be activated (z-score labeled at the end of the bar > 0). Cross-
hatched pattern denotes pathways or regulators that are pre-
dicted to be inhibited (z-score < 0). Dot pattern denotes path-
ways or regulators that are predicted to be neither activated 
nor inhibited (z-score = 0). Blank pattern denotes pathways or 
regulators whose activation/inhibition states are not predicted

◂
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mediated by NOTCH1, another top protective pre-
frailty- and frailty-associated protein (Fig. 6). In the 
central nervous system, CNTN1 binds to NOTCH1 
which leads to the cleavage of Notch intracellular 
domain (NICD). NICD binds to Deltex to induce 
Oligodendrocyte differentiation [31, 37]. This inter-
action may also play a role in the maturation of 
Schwann cells in the peripheral nervous system as 
CNTN1 null mice showed myelination defects in 
the peripheral nervous system [32]. Schwann cells 
are important for synaptic development and main-
tenance at the neuromuscular junction [38]. In the 
neuromuscular junction, the NICD cleaved from 

CNTN1-NOTCH1 binding may also activate prolif-
eration and differentiation in muscle satellite cells 
through the canonical pathway via the recombinant 
signal binding protein 1 for Jκ (JBP-Jκ) [37]. Taken 
together, disrupted CNTN1 and NOTCH1 interac-
tions may disrupt neuromuscular communication 
and lead to muscle weakness [33, 39].

However, the role of NOTCH1 in frailty develop-
ment may be pleiotropic. Though exception exists 
[40], many studies have found that the activation of 
the NOTCH1 pathway promoted inflammation [37, 
41, 42]. Notably, one study showed that the NOTCH1 
pathway is activated by inflammation mediated by 

Fig. 6  The pleiotropic effects of NOTCH1 pathways involving 
CNTN1 and TLR5. In the central and peripheral nervous sys-
tem, CNTN1-NOTCH1 binding leads to the cleavage of Notch 
intracellular domain (NICD). NICD binds to Deltex to induce 
maturation of Oligodendrocytes Schwann cells. Disrupted 
CNTN1 and NOTCH1 interaction may therefore disrupt neuro-
muscular communication and lead to muscle weakness. In the 
neuromuscular junction, NICD cleaved from CNTN1-NOTCH1 
binding – as well as from the binding of canonical ligands of 

NOTCH1 (delta-like and Jagged families) – translocates to the 
nucleus, binds to the recombinant signal binding protein 1 for 
Jκ (JBP-Jκ), and activates many cell functions including pro-
liferation and differentiation in muscle satellite cells. In intes-
tinal epithelial cell, flagellin-induced TLR5 signaling activates 
NF-κB and increases the expression of Jagged 1 and NOTCH1. 
NICD cleaved from the enhanced NOTCH1 signaling augment 
the NF-κB activation which leads to pro-inflammatory cytokine 
production (e.g., IL6). Figure created with Biorender.com
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TLR5 in the epithelial cells [43], a top protein associ-
ated with higher odds of prefrailty and frailty. TLR5 
is a pattern recognition receptor that promotes nuclear 
factor-κB (NF-κB) activation, cytokine secretion, and 
inflammation response (Fig. 6) [43, 44]. In our study, 
a higher plasma level of NOTCH1 was associated 
with a lower risk of frailty and prefrailty, which may 
be driven by the protective functions in the nervous 
system and skeletal muscle system.

Other top proteins we discovered also have roles 
in glucose and lipid metabolism (e.g., FSTL3 [45], 
FABP3 [46], FABP4 [46], and leptin [47]), inflamma-
tion (e.g., TREM1 [48] and HTRA1 [49]), and cel-
lular senescence (e.g., SERPINE1 [50]). Metabolism 
and inflammation were also strongly implicated by 
enriched pathways and upstream regulators. The over-
expression of upstream regulator SORL1 in adipose 
tissue has been shown to enhance fat deposition [51]. 
PPAR signaling, LXR/RXR, and FXR/RXR pathways 
function by activating genes that regulate lipid and/
or glucose metabolism [52–54]; these same pathways 
have also been shown to inhibit inflammation [53, 55, 
56]. Metabolic and inflammatory pathways have been 
consistently associated with physical frailty [3, 4, 57]. 
Our results predicted inhibition of the PPAR signal-
ing and LXR/RXR activation pathways among those 
at risk for incident frailty in a manner that would 
inhibit metabolism and enhance inflammation during 
middle adulthood. LPS/IL-1 mediated inhibition of 
RXR function pathway implicated in this study may 
be just one pathway through which inflammation can 
also impair metabolism [58].

Extracellular matrix (ECM) is implicated by the 
enrichment of hepatic fibrosis/hepatic stellate cell 
activation, pulmonary fibrosis idiopathic signaling, 
and osteoarthritis pathways. Age-related alteration in 
ECM has been suggested to induce cell senescence 
[59], and have an impact on skeletal muscle, cartilage, 
and bone health [60, 61]. Some of the ECM compo-
nents such as matrix metallopeptidases (MMPs) and 
tissue inhibitors of metallopeptidase (TIMPs) are also 
involved in angiogenesis. Fibroblast growth factors 
(FGFRs), epidermal growth factor receptor (EGFR), 
and vascular endothelial growth factor A (VEGFA) 
are other players in angiogenesis. These proteins were 
part of the enriched pathways of wound healing sign-
aling and were targets of two enriched upstream regu-
lators, COL18A1 and estrogen receptors. COL18A1 

and estrogen receptors inhibit and promote angiogen-
esis, respectively [62, 63]. The role of angiogenesis in 
aging is complex. Promoting angiogenesis is benefi-
cial for skeletal muscle, and recovery from myocar-
dial infarction and stroke, but it can also contribute to 
cancer and atherosclerosis [64–66]. Angiogenesis has 
also been shown to have diverging effects on Alzhei-
mer’s disease and cognitive health [67]. The CLEAR 
signaling pathway suggested lysosomal autophagy as 
a biological mechanism of frailty. CLEAR network 
refers to genes that carry a CLEAR motif (TCACG) 
and have a variety of functions in the lysosomal-
autophagic process [68]. Lysosomal dysfunction and 
decreased autophagy have been linked to aging mus-
cle [69]. This is consistent with the predicted inhibi-
tion of the CLEAR signaling pathway in our analysis.

A body of literature has linked obesity in mid-
life with frailty in later life [6–9], but the finding 
that mid-life BMI alone explained the associations 
of many proteins with frailty was surprising. We do 
not believe these attenuations resulted from the use 
of BMI < 18.5 kg/m2 as part of the weight loss defini-
tion because (i) BMI adjustment similarly attenuated 
the protein-frailty associations in sensitivity analy-
ses excluding participants with BMI < 18.5  kg/m2 at 
baseline and (ii) results remained similar after exclud-
ing weight loss from our frailty definition. Moreover, 
we observed smaller attenuations of the associations 
between late-life proteomics and incident frailty in 
our previous work, even though BMI was measured 
much closer to when incident frailty was ascertained 
[25]. Our post-hoc analyses suggested that the effect 
of mid-life obesity and late-life frailty reported in the 
previous studies may be mediated by a number of the 
proteins discovered in this study that are involved in 
inflammation and metabolism, together accounting 
for as much as 31.6% of the BMI-frailty association. 
However, we could not rule out the possibility that 
BMI could itself mediate the association between 
a portion of the midlife proteome and frailty in late 
life, or bidirectional relationships existed between 
proteins and BMI (e.g., SERPEIN1). Due to the 
small number of underweight participants in our sam-
ple (BMI < 18.5  kg/m2; n = 10 at Visit 2, and 13 at 
Visit 3), we did not consider a nonlinear relationship 
between BMI and proteins. We also assumed no inter-
actions between BMI and the proteins and among the 
proteins in the mediation analysis and excluded many 
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proteins associated with frailty in the analysis due to 
high dimensionality. Future studies are needed to fur-
ther investigate the potential nonlinear, bidirectional, 
and mediating relationships between circulating 
midlife proteins, BMI, and frailty.

Though we only found one protein, CNTN1, to be 
associated with late-life frail status after mid-life BMI 
adjustment, a single protein is unlikely to explain the 
complex etiology of frailty. Our results suggest that 
an even larger sample size may be required to under-
stand the mid-life protein signatures and potential 
mechanisms of late-life frailty because of the long 
intervening period and heterogeneity of aging. Future 
studies may consider using meta-analysis of multiple 
middle-aged cohorts to further examine the associa-
tions of proteins in our study that did not reach sig-
nificance in our study.

Strengths of our study include a larger number of 
community-dwelling White and Black participants, 
a broad assessment of the plasma proteome using a 
highly reliable state-of-the-art proteomic platform, 
and the separation of prefrail and frail states. Our 
study also has limitations. First, frailty status in mid-
life was unknown. Therefore, our results cannot be 
interpreted as proteins associated with incident pre-
frailty or frailty. Previous studies have found that 
the prevalence of frailty is low in mid-life but the 
prevalence of prefrailty is considerable [70]. This 
may explain why we found a larger number of pro-
teins associated with frailty than with prefrailty. We 
excluded participants with functional limitations at 
baseline as a sensitivity analysis and found similar 
associations between the proteins and frailty status. 
The unknown frailty status in mid-life also limited 
our ability to perform time-to-event analysis and 
hence account for when participants became prefrail 
or frail. However, the variability of follow-up time in 
our sample was small (SD = 2.9 years), so the impact 
should be minimal. Second, many participants were 
lost due to death, no return to study visit, or missing 
frailty assessments during the decades between mid-
life and later-life. Though we found similar results 
including these lost participants as a separate outcome 
category, this loss could still bias our results. Third, 
we focused on the worst frailty status in late-life and 
did not examine all possible transitions among frailty 
states such as recovering to a better state. Future stud-
ies should follow robust participants in mid-life for 
incident prefrailty and frailty and explore different 

transitions among frailty states across time. Lastly, 
our findings warrant replication in an independent 
cohort of middle-aged adults with late-life follow-up. 
However, the consistency of the findings with previ-
ously published proteomic studies of frailty in later 
life provides support to our results.

Despite these limitations, our study expands the 
current knowledge of biological alterations contrib-
uting to physical frailty by identifying a set of novel 
proteins of which the expression levels in mid-life 
were associated with frailty status in later life. The 
top proteins, pathways, and upstream regulators sug-
gest that inflammation, lipid metabolism, extracel-
lular matrix, angiogenesis, and lysosomal autophagy 
may be important mechanisms to consider for under-
standing the etiology of frailty and designing inter-
ventions to prevent frailty in mid-life. Furthermore, 
the work elucidates some of the biology mediating 
the association of high BMI with frailty risk. Future 
efforts should focus on investigating the potential 
causal role of these proteins/pathways in frailty devel-
opment and effective interventions to regulate these 
biological mechanisms.
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