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Abstract

Objective To identify whether metabolic status mediates the associations between frailty and
mortality and incident cardiovascular disease (CVD), and to assess of interactive or joint relationships
between frailty and metabolic status on these outcomes.

Methods In this prospective cohort study of 456,445 UK Biobank participants, frailty was assessed
using five phenotype criteria. Metabolic status was scored (0-4) based on central obesity, hypertension,
hyperglycemia, and dyslipidemia. Multivariable-adjusted Cox regression models were used to assess the
associations between frailty and mortality and incident CVD.

Results During a median follow-up of 13.8 years for mortality and 13.6 years for CVD, 30,907 deaths
(7,467 CVD-related) and 37,115 incident CVD cases occurred. Frailty was associated with higher risks of
all-cause mortality (hazard ratio [HR], 2.41; 95% confidence interval [C/], 2.31-2.51), CVD mortality (HR,
2.64; 95% Cl, 2.43-2.87), and incident CVD (HR, 1.83; 95% Cl, 1.75-1.91), compared with non-frail
individuals. Metabolic status mediated 8.7%, 16.1%, and 16.4% of these associations, respectively.
Frailty and metabolic status interacted multiplicatively for all-cause mortality (P-value for interaction <
0.001) and additively for CVD mortality [relative excess risk due to interaction (RERI), 1.78; 95% Cl,
0.88-2.68] and incident CVD (RERI, 0.60; 95% Cl, 0.33-0.86). Joint exposure to frailty and three to four
metabolic disorders conferred 3.34-, 6.32-, and 3.30-fold risks of all-cause mortality, CVD mortality, and
incident CVD, respectively, compared with metabolically healthy non-frail individuals.

Conclusion This study highlights the need for integrated management strategies targeting both frailty
and metabolic conditions to mitigate cardiovascular and mortality risks.
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INTRODUCTION cardiovascular disease (CVD) and mortality, which

challenges our understanding of aging and its effects

ccelerated aging occurs when biological on health™. Characterized by diminished physical
Aage exceeds chronological age and is function, frailty can serve as an indicator of
associated with a higher risk of accelerated aging and is linked to adverse health
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outcomes”. Evidence has documented that frailty is
independently associated with all-cause mortality
and  incident  chronic  diseases, including
cardiovascular disordersB], diabetes[4’5], and
neurodegenerative conditions'®.

Metabolic status, encompassing central obesity,
hypertension, hyperglycemia, and dyslipidemia, has
emerged as a pivotal determinant of morbidity and
mortality across the Iifespan”’g]. Over the past two
decades, there has been a 49.4% increase in
disability-adjusted life years (DALYs) attributable to
metabolic risks®. Additionally, metabolic syndrome
has been shown to increase the risk of CVD by more
than threefold™.

Frailty and metabolic status share risk factors
(e.g., sedentary lifestyle and unhealthy diet) and
pathophysiological  pathways (e.g.,  systemic
inflammation, oxidative stress, mitochondrial
dysfunction, and body composition remodeling)[“].
This evidence suggests their interrelation in
contributing to adverse health outcomes!™?.
However, previous epidemiological studies have
predominantly focused on their individual
associations with CVD and mortality risks; the
mediating and moderating roles of metabolic status
in the relationship between frailty and health
outcomes remain poorly characterized.

To address these knowledge gaps, we explored
the complex relationships between frailty, metabolic
status, and health outcomes, including all-cause
mortality, CVD mortality, and incident CVD. In
addition, we investigated whether metabolic status
could mediate the associations of frailty with
mortality and incident CVD, and explored potential
interactive or joint effects between frailty and
metabolic status on these outcomes. An overview of
the study design is shown in Figure 1.

METHODS

Study Population

This study utilized data from the UK Biobank, a
large-scale prospective cohort study that enrolled
over 500,000 participants across 22 assessment
centers in England, Scotland, and Wales between
2006 and  2010. Participants  underwent
comprehensive baseline assessments, including
guestionnaire surveys, physical examinations, and
biological sample collection. Detailed information
has been reported elsewhere™. The UK Biobank
study was approved by the North West Multi-Centre
Research Ethics Committee (REC reference numbers:

11/NW/0382, 16/NW/0274, and 21/NW/0157), and
the current study was conducted under an approved
application (#109546).

As shown in Figure 2, among the 502,494
participants, those who withdrew from the cohort
(n = 32), were missing information for frailty
phenotypes (n = 33,670), metabolic status (n = 253),
or covariates (n = 9,708), or who died within the first
two years of follow-up (n = 2,386) were excluded.
This left 456,445 participants for the analyses of
mortality. A total of 33,133 participants diagnosed
with CVD at baseline or within the first two years of
follow-up were further excluded from the CVD
analyses, and 423,312 participants remained for the
analyses of incident CVD.

Frailty Phenotypes and Metabolic Status

Frailty was assessed using five components[2’14]:

weight loss, exhaustion, low physical activity, slow
walking speed, and low grip strength. Grip strength
was measured using dynamometers, and the other
components were assessed using self-reported
information (detailed in Supplementary Table S1).
Each component was scored dichotomously (0 or 1),
yielding a cumulative frailty score ranging from 0 to
5 points, with higher scores indicating greater frailty
severity. Frailty states were categorized as non-frail
(0 points), pre-frail (1-2 points), and frail (3-5
points).

Metabolic status was evaluated based on four
metabolic  dysfunction components“S]: central
obesity, hypertension, hyperglycemia, and
dyslipidemia. These disorders were identified
through  physical measurements, biochemical
measurements, self-reported diseases, or the use of
corresponding medications (details are provided in
Supplementary Table S2). Participants received one
point for each component, resulting in a metabolic
status score ranging from 0 to 4, with higher scores
indicating worse metabolic health. To increase
statistical power, participants with scores of 0 or 1
point were combined, as were those with scores of 3
or 4 points.

Covariates

At baseline, information on age, sex, ethnicity,
education, assessment center, smoking status,
alcohol intake, and sleep duration was acquired
through a touchscreen questionnaire. Given the
small number of participants in the mixed, Asian or
Asian British, Black or Black British, Chinese, and
“other” ethnic groups, these were collapsed into a
non-white category, and ethnicity was classified as
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either white or non-white. As both insufficient and
prolonged sleep durations are associated with
adverse health outcomes, sleep duration was
categorized into two groups: 7-8 hours and less than
7 or more than 8 hours"™®. The Townsend
Deprivation Index (TDI) was calculated using national
census data according to postcodes of residence,
with higher scores indicating greater deprivationm].
Dietary quality was evaluated based on dietary
recommendations for cardiovascular health, which
emphasize adequate consumption of healthy foods
(vegetables, fruit, seafood, whole grains, dairy, and
vegetable oils) and reduced consumption of
unhealthy foods (processed meats, refined grains,
unprocessed meats, and sugar-sweetened
beverages)[lsl. The definitions and criteria for a
healthy diet are detailed in Supplementary Table S3.

Frailty phenotypes

Ascertainment of Outcomes

The primary outcomes of the study were all-
cause mortality, CVD mortality, and incident CVD.
All-cause and CVD-related deaths (International
Classification of Diseases, 10th Revision [ICD-10]
codes: 100-199) were identified through linkage to
death registry records. Cases of incident CVD (ICD-10
codes: 120125, 160, 161, 163, 164) were ascertained by
linking to hospital inpatient data and applying the
first-occurrence  algorithm  for  health-related
outcomes. Details are provided in Supplementary
Table S4. Data on deaths were available up to 19
December 2022, while data on hospital admissions
were available up to 31 October 2022. Person-years
were calculated from the date of recruitment to the
date of disease diagnosis, death, loss to follow-up, or

Health outcomes

Median follow-up duration

13.8 years for death and 13.6 years for CVD

@ Association

* Weight loss No. of components
 Exhaustion 0: non-frail

1-2: pre-frail
* Low physical activity 3-5: frail

* Slow gait speed

* Weak grip strength

@ Modification

e Hypertension

Part1

Part 2

Metabolic status

e Central obesity

To estimate the associations of frailty with health outcomes and the mediating roles of metabolic status in these associations.

To explore potential interactive or joint effects between frailty and metabolic status on health outcomes.

o All-cause mortality

¢ CVD mortality

S

e Incident CVD

=]
@

e Hyperglycemia

-
_ A

¢ Dyslipidemia

Figure 1. Overview of the study design. This prospective cohort study utilized data from the UK Biobank.
Frailty phenotypes and metabolic status were assessed at baseline, and health outcomes were
ascertained via health-related electronic records. In Part 1, we estimated the associations between frailty
and health outcomes, as well as the mediating role of metabolic status in these associations. In Part 2,
stratified analysis, interaction analysis, and joint effect analysis were conducted to explore the modifying
effects of metabolic status on the relationship between frailty and health outcomes. CVD, cardiovascular

disease.
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administrative censoring, whichever occurred first.
Statistical Analysis

Baseline characteristics were described across
different levels of frailty as means [standard
deviations (SD)] or medians [interquartile ranges
(IQR)] for continuous variables, and frequencies
(percentages) for categorical variables. Differences
among groups were evaluated using analysis of
variance for normally distributed continuous
variables, the Kruskal-Wallis test for non-normally
distributed continuous variables, or the chi-square
test for categorical variables.

Hazard ratios (HRs) and 95% confidence intervals
(Cls) were estimated using multivariable-adjusted
Cox proportional hazards models to evaluate
associations between frailty states or metabolic
status and mortality or incident CVD, with
adjustment for age (years, continuous), sex (women,
men), assessment center (England, Scotland, Wales),
ethnicity (white, non-white), educational level
(college or university degree, secondary school,
vocational, others), TDI (continuous), smoking status
(never, previous, or current smokers), drinking
frequency (daily or almost daily, 1-4 times a week,
less than once a week), diet (healthy, unhealthy),
and sleep duration (7-8 hours per day, less than 7 or
more than 8 hours per day)[”’lg]. The proportional
hazards assumption was assessed using Schoenfeld
residuals.

Mediation analysis was used to assess the
mediating proportions of metabolic status in the
associations between frailty states and health

outcomes. To examine the independent effects of
individual frailty components or metabolic disorders,
we conducted two additional analyses. First, we
repeated the mediation analyses by replacing frailty
states with each individual frailty component.
Second, we used individual metabolic disorders
instead of the composite score in the models to
evaluate whether specific metabolic disorders acted
as mediators.

Stratifying by metabolic status, we further
evaluated whether pre-frailty or frailty remained
associated with higher risks of adverse outcomes
compared with non-frailty across different groups.
To quantify the interaction of frailty and metabolic
status on health outcomes, we included a product
term for frailty states (non-frail or frail) and
metabolic disorders (0—1 or 3-4) in the final model.
The multiplicative interaction was evaluated using
the P-value for interaction or the HR (95% Cl/) for the
product term. The additive interaction was
quantified using three indices: relative excess risk
due to interaction (RERI), attributable proportion
(AP), and synergy index (S). These were calculated
using the coefficients and corresponding standard
errors of the product term, frailty, and metabolic
disorders, as well as the covariance matrix®®. To
assess the joint associations, participants were
classified into nine groups according to frailty states
and metabolic disorders, with non-frailty and 0-1
metabolic disorder as the reference group.

We repeated the mediation and joint analysis in
subgroups stratified by age (< 60 years vs. > 60 years)
and sex (men vs. women). Two sensitivity analyses

Original dataset of the
UK Biobank, n = 502,494

Y

A 4

Included in the analysis

1. Withdrawal from the cohort, n = 32;

2. Lacking information on frailty measures, n = 33,670;
3. Missing informantion metabolic status, n = 253;

4. Death within the first 2 years of follow-up, n = 2,386;

5. Missing covariates, n =9,708.

Excluded: n = 46,049

for mortality, n = 456,445

Excluded participants diagnosed with cardiovascular
disease at baseline or the first 2 years of follow-up, n = 33,133.

A 4

Included in the analysis for incident
cardiovascular disease, n = 423,312

Figure 2. Flowchart of the study.
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were performed to test the robustness of the
mediation, interaction, and joint effects. First, we
retained the population with missing covariate
information and repeated the primary analyses after
imputing the missing variables. Second, we replaced
metabolic status (0—4 points) with metabolic
syndrome (0-5 points) as the method for assessing
metabolic disorder. In this analysis, a total of 61,884
participants were further excluded due to missing
data on triglyceride or high-density lipoprotein
cholesterol.

Statistical analyses were performed using R
software (version 4.4.2) and SAS software (version
9.4). A two-tailed P < 0.05 was considered
statistically significant.

RESULTS

Population Characteristics

As presented in Table 1, a total of 456,445
participants were included in this study, with a
median age of 58.0 years (IQR, 50.0-63.0) and
207,816 (45.5%) male participants. Of these, 18,439
(4.0%) were classified as frail, 197,569 (43.3%) as
pre-frail, and 240,437 (52.7%) as non-frail. In
general, frail individuals were more likely to be
older; female; non-white; more socioeconomically
deprived; current smokers; and to have a higher
body mass index, lower educational attainment,
infrequent alcohol consumption, sleep durations of
less than 7 or more than 8 hours per day, an
unhealthy diet, and a higher prevalence of metabolic
dysfunction compared with non-frail individuals.

Mediation Analysis of Metabolic Status on
Associations of Frailty with Mortality and Incident
CcvD

During a median follow-up of 13.8 years (IQR,
13.0-14.5), 30,907 deaths (6.8%) were recorded,
including 7,467 (1.6%) CVD deaths. During a median
follow-up of 13.6 years (IQR, 12.7-14.3), 37,115
participants (8.8%) developed CVD. Table 2 shows
the associations between frailty and the risks of
mortality and incident CVD. After full adjustment for
confounders, the HRs and 95% CIs for frail adults
compared with non-frail adults were 2.41
(2.31-2.51) for all-cause mortality, 2.64 (2.43-2.87)
for CVD mortality, and 1.83 (1.75-1.91) for incident
CVD. Each one-point increase in metabolic status
score was also associated with 17%, 42%, and 27%
higher risks of all-cause mortality, CVD mortality, and
incident CVD, respectively (Supplementary Table S5).

When comparing frail with non-frail individuals, the
proportions of the associations mediated by
metabolic status were 8.7% (95% Cl, 8.0%—9.5%) for
all-cause mortality, 16.1% (95% CI, 14.5%—-17.8%) for
CVD mortality, and 16.4% (95% Cl, 15.1%—-17.9%) for
incident CVD. Similar results were observed when
frailty was treated as a continuous variable (Table 2).
Supplementary Table S6  presents the
associations of each individual frailty component
with mortality and incident CVD. Participants
exhibiting individual frailty components had higher
risks of these outcomes, with HRs ranging from 1.11
to 1.92. The proportions of these associations
mediated by metabolic status ranged from less than
1% for low grip strength to 32.6% for low physical
activity. Supplementary Table S7 shows the
mediation proportions of each individual metabolic
disorder in the relationship between frailty and
outcomes, with all proportions being less than 10%.

Interaction and Joint Analysis of Metabolic Status
and Frailty with Mortality and Incident CVD

Interactions between frailty and metabolic status
in relation to mortality and incident CVD are shown
in Table 3. A significant multiplicative interaction was
observed only for all-cause mortality (P-value for
interaction < 0.001). Stratified analyses further
revealed that frailty was associated with higher risks
of all primary outcomes compared with non-frailty
across different metabolic subgroups (Figure 3).
Specifically, for all-cause mortality, the HRs and 95%
Cls for frailty compared with non-frailty were 2.87
(2.61-3.15), 2.50 (2.30-2.71), and 2.37 (2.17-2.58)
among individuals with 0-1, 2, and 3-4 metabolic
disorders, respectively (Supplementary Table S8).

Significant additive interactions were observed
for CvD mortality (RERI, 1.78 [95% Cl, 0.88-2.68]; AP,
0.27 [95% Cl, 0.15-0.40]; S, 1.48 [95% CI, 1.19-1.84])
and incident CVD (RERI, 0.60 [95% CI, 0.33—0.86]; AP,
0.18 [95% (I, 0.11-0.26]; S, 1.36 [95% d(l,
1.18-1.56]). Figure 4 illustrates the joint association
of metabolic status and frailty with health outcomes.
HRs (95% ClIs) for individuals with frailty and 3-4
metabolic disorders, compared with those with non-
frailty and 0-1 metabolic disorder, were 3.34
(3.15-3.53) for all-cause mortality, 6.32 (5.64—7.09)
for CVD mortality, and 3.30 (3.11-3.51) for incident
CVD (Supplementary Table S9).

Subgroup and Sensitivity Analysis

Supplementary Tables S10 and S11 present the
results of subgroup analyses stratified by age and
sex, which were broadly consistent with the main
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analyses. However, significant interactions (P-value
for interaction < 0.001) were detected between age
and the joint exposure to frailty and metabolic
disorders. Compared with non-frail individuals with

Supplementary Tables S12, S13, and S14 present the
sensitivity analyses for mediation, interaction, and
joint effects, respectively, with results generally
consistent with the primary analyses.

0-1 metabolic disorder, frail individuals with 3-4
metabolic disorders exhibited higher risks of all-
cause mortality, CVD mortality, and incident CVD
among younger adults than among older adults.

DISCUSSION

In this large-scale cohort study, we found that

Table 1. Baseline characteristics of the study population according to frailty status

Frailty status

Characteristics Overall

Non-frail Pre-frail Frail

No. of participants, n (%) 456,445 240,437 (52.7) 197,569 (43.3) 18,439 (4.0)

Age, years, median (IQR) 58.0 (50.0-63.0) 57.0(49.0-62.0) 59.0(51.0-64.0) 59.0(52.0-64.0)

Male participants, n (%) 207,816 (45.5) 115,682 (48.1) 85,073 (43.1) 7,061 (38.3)

White ethnicity, n (%) 434,664 (95.2) 232,858 (96.8) 185,461 (93.9) 16,345 (88.6)

Townsend Deprivation Index (TDI), median (IQR) -2.2(-3.7t00.4) -2.5(-3.8t0-0.2) -1.9(-3.5t00.8) 0.0(-2.6t03.1)

Body mass index (BMI), kg/m?, mean (standard deviation [SD]) 27.4 (4.8) 26.8(4.2) 27.8 (5.0) 30.4 (6.7)
Educational attainment, n (%)
College or university 152,488 (33.4) 90,251 (37.5) 59,079 (29.9) 3,158 (17.1)
Secondary school 175,132 (38.4) 92,639 (38.5) 76,278 (38.6) 6,215 (33.7)
Vocational 54,132 (11.9) 27,648 (11.5) 24,182 (12.2) 2,302 (12.5)
Other 74,693 (16.4) 29,899 (12.4) 38,030 (19.2) 6,764 (36.7)
Smoking status, n (%)
Never 250,489 (54.9) 135,983 (56.6) 106,088 (53.7) 8,418 (45.7)
Former 159,094 (34.9) 83,316 (34.7) 69,383 (35.1) 6,395 (34.7)
Current 46,862 (10.3) 21,138 (8.8) 22,098 (11.2) 3,626 (19.7)
Alcohol consumption, n (%)
Daily or almost daily 94,833 (20.8) 55,731 (23.2) 37,001 (18.7) 2,101 (11.4)
1-4 times per week 225,678 (49.4) 126,852 (52.8) 92,862 (47.0) 5,964 (32.3)

135,934 (29.8) 57,854 (24.1)
35,969 (15.0)

174,692 (72.7)

67,706 (34.3)
30,593 (15.5)
127,720 (64.6)

Less than once per week 10,374 (56.3)

Healthy diet, n (%) 68,984 (15.1) 2,422 (13.1)

Sleep duration of 7-8 hours, n (%) 310,686 (68.1) 8,274 (44.9)
Metabolic factors, n (%)

154,856 (33.9)
83,393 (18.3)

327,817 (71.8)

Central obesity 67,362 (28.0) 76,483 (38.7) 11,011 (59.7)

Hyperglycemia 34,702 (14.4) 42,013 (21.3) 6,678 (36.2)

Hypertension 169,357 (70.4) 143,665 (72.7) 14,795 (80.2)

Dyslipidemia 238,191 (52.2) 115,596 (48.1) 109,626 (55.5) 12,969 (70.3)

Note. Characteristics are presented by frailty status. Normally distributed continuous variables are shown
as means with standard deviations (SDs); non-normally distributed continuous variables are presented as
medians with interquartile ranges (IQRs); and categorical variables are reported as frequencies with
percentages. P values were derived using analysis of variance or the Kruskal-Wallis test for continuous
variables, and the chi-squared test for categorical variables. All differences between groups were statistically
significant (P < 0.001). TDI, Townsend Deprivation Index; BMI, body mass index; IQR, interquartile range; SD,
standard deviation.
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frailty was associated with increased risks of all-
cause mortality, CVD mortality, and incident CVD,
with mediation proportions by metabolic status of
8.7%, 16.1%, and 16.4%, respectively. Significant
interactions between frailty and metabolic status
were observed for mortality and incident CVD. The
highest risks of mortality and CVD were observed
among adults with frailty and 3-4 metabolic
disorders. Younger adults exhibited higher risks of
these outcomes than older adults in the joint effect
analyses.

The associations between frailty and mortality or
incident CVD have also been reported in previous
studies™**?. In a meta-analysis of 56 studies
including more than 1.8 million individuals,
researchers identified a positive association between
frailty and increased all-cause mortalitym]. Our
findings further expand this knowledge by revealing
the interplay between frailty and metabolic status in
shaping health outcomes. Specifically, we observed
that metabolic disorders significantly mediated the

association between frailty and adverse health
events. Frailty may reflect the deterioration of brain
and muscle function®. In the frail state, insufficient
physical  activity  contributes to  impaired
metabolism[ZS’ZG], which, in turn, leads to a range of
diseases and elevated mortality risk. We also
examined the role of metabolic disorders as
mediators between each frailty component and
health outcomes, and found significant mediating
effects for all frailty components except low grip
strength. Previous studies have proposed that the
effect of low grip strength on health may be driven
primarily by neuromuscular mechanisms rather than
metabolic dysregulationm]. In both Mendelian
randomization™ and prospective cohort studies[z‘c’],
the direct link between grip strength and mortality
was shown to be independent of metabolic
pathways. Overall, our mediation analyses indicate
that metabolic status contributes to a portion of the
indirect effects of frailty.

Another important finding of our study is the

Table 2. Associations between frailty and mortality and incident CVD, and the mediating
role of metabolic status

. HR (95% cl) Mediation proportion
Group Events Incidence rate Unadjusted for Adjusted for (%, 95% Ci)
metabolic status  metabolic status
All-cause mortality
Non-frail 12,133 3.71 1.00 1.00 -
Pre-frail 15,493 5.87 1.37(1.34-1.40) 1.33(1.30-1.37) 8.4 (7.5-9.4)
Frail 3,281 13.91 2.62 (2.52-2.73) 2.41(2.31-2.51) 8.7 (8.0-9.5)
Per-point increment in frailty score - - 1.34(1.32-1.35) 1.30(1.29-1.32) 8.5(7.8-9.3)
CVD mortality
Non-frail 2,691 0.82 1.00 1.00 -
Pre-frail 3,878 1.47 1.55(1.48-1.63)  1.46(1.39-1.53) 14.4 (12.4-16.5)
Frail 898 3.81 3.18(2.93-3.45)  2.64 (2.43-2.87) 16.1 (14.5-17.8)
Per-point increment in frailty score - - 1.44 (1.41-1.47) 1.36 (1.33-1.39) 15.3(13.9-16.8)
Incident CVD
Non-frail 16,809 5.59 1.00 1.00 -
Pre-frail 17,887 7.71 1.27(1.24-1.29)  1.22(1.20-1.25) 15.0 (13.4-16.8)
Frail 2,419 13.79 2.06 (1.97-2.15)  1.83(1.75-1.91) 16.4 (15.1-17.9)

Per-point increment in frailty score - -

1.24(1.23-1.26)

1.20 (1.19-1.22)

16.0 (14.8-17.2)

Note. Incidence rates were calculated at the end of follow-up and are reported per 1,000 person-years. All
models were adjusted for age, sex, ethnicity, Townsend Deprivation Index, assessment center, educational
attainment, smoking status, alcohol consumption, diet, and sleep duration. Metabolic status was defined using
a summary score (range: 0-4) based on central obesity, hyperglycemia, hypertension, and dyslipidemia. Only
participants free from CVD at baseline and during the first two years of follow-up were included in the analysis
of incident CVD (n = 423,312). CVD, cardiovascular disease; HR, hazard ratio; C/, confidence interval.
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significant joint effect of frailty and metabolic
disorders on adverse health outcomes. As metabolic
disorders and frailty components accumulated, the
risk of mortality and incident CVD also increased.
Few studies have examined the combined effects of
physical frailty and metabolic dysfunction. A study
conducted using the National Health and Nutrition
Examination Survey datasets compared the
independent effects of the frailty index and
metabolic syndrome on mortality, but did not assess
their joint effects””. Although emerging evidence
suggests that combined exercise and protein
supplementation interventions may attenuate frailty
progression in older adults®*>" these findings
remain inconclusive due to small sample sizes
(typically fewer than 100 participants per study) and
short follow-up durations (less than one year).
Furthermore, the interaction analysis revealed
synergistic effects between frailty and metabolic
disorders on CVD mortality and incident CVD, but
not on all-cause mortality. This additive interaction
may be attributed to their shared pathophysiological
mechanisms. Declining insulin sensitivity leads to
alterations in the oxidant-antioxidant balance and an
accelerated inflammatory response, establishing a
bidirectional vicious cycle: metabolic syndrome
promotes frailty, and frailty also increases the risk of
metabolic syndrome[12’35_37]. Notably, the significant
multiplicative interaction for all-cause mortality
should be interpreted with caution. Large-scale

studies frequently yield statistically significant yet
clinically negligible effects, and the near-null effect
size may be attributed to residual confounding
factors %, In summary, the complex interplay
between frailty and metabolism underscores the
necessity of promoting both physical function and
metabolic health to prevent premature mortality
and reduce the burden of disease.

Frailty is viewed as an age-related condition, and
interventions to reverse frailty or improve outcomes
have almost exclusively focused on the eIderIym].
However, in our study, the combined effects of
frailty and metabolic disorders were found to be
particularly pronounced in younger populations,
suggesting that early identification and intervention
could substantially reduce the long-term burden of
disease. One potential explanation is that individuals
with early-onset metabolic disorders may carry
relevant pathogenic genes, such as TMOD4, COL6A3,
CXCL8, MARCH1, PLCB2, and VPS33B, which
contribute to major adverse cardiovascular
events®”. Previous studies have also shown that
earlier onset of hypertension and diabetes in adults
increases the risks of CVD and death”*". Public
health initiatives should prioritize identifying
individuals at risk early—particularly younger
individuals—in whom the combined effects of frailty
and metabolic disorders may lead to the earlier
onset of adverse health outcomes.

Our results suggest that individuals with both

Table 3. Interactions between frailty and metabolic status in relation to mortality and incident CVD

Interaction Metrics All-cause mortality CVD mortality Incident CVD

Multiplicative interaction

HR (95% Cl) for product term 0.94 (0.91-0.96) 0.96 (0.90-1.02) 0.99 (0.97-1.02)

P-value for interaction <0.001 0.146 0.648
Additive interaction

RERI -0.08 (-0.39-0.22) 1.78 (0.88-2.68) 0.60 (0.33-0.86)

AP -0.02 (-0.11-0.07) 0.27 (0.15-0.40) 0.18 (0.11-0.26)

S 0.97 (0.85-1.10) 1.48 (1.19-1.84) 1.36(1.18-1.56)

Note. The product term between frailty (non-frail vs. frail) and metabolic status (0—1 points vs. 3—4 points)
was included in the model to quantify both multiplicative and additive interactions. Multiplicative interaction
was assessed using the HR with 95% confidence interval (C/) for the product term or the P-value for interaction.
Additive interaction was assessed using three indices: RERI, AP, and synergy index (S). RERI quantifies the
excess risk attributable to interaction; a value > 0 indicates a positive interaction, while < 0 indicates a negative
interaction. AP represents the proportion of disease risk attributable to interaction, ranging from —oo to 1, with
values > 0 indicating a meaningful interaction. S reflects the ratio of combined effects to the sum of individual
effects; S > 1 indicates positive interaction, and S < 1 indicates negative interaction. CVD, cardiovascular
disease; HR, hazard ratio; Cl, confidence interval; RERI, relative excess risk due to interaction; AP, attributable

proportion; S, synergy index.
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frailty and metabolic dysfunction face significantly
higher risks of mortality and incident CVD,
emphasizing the need for early screening and
integrated management strategies. Interventions
targeting both frailty and metabolic conditions, such
as lifestyle modifications, could reduce the burden of
cardiovascular disease and improve overall
population health. This dual approach is particularly
important as healthcare systems globally face
increasing pressure from the growing prevalence of
chronic conditions. Effective public health strategies

All-cause mortality

3.0 +

5]
xX
wn
2 20
RS
[
2
S ¢
(T
T
1.0 °
CVD mortality
S 3.0
xX
wn
[
2 20
e
e
m©
N
(T
2 +
1.0 °
Incident CVD
S 3.0
X
wn
aQ
2 20 +
e
2
i
©
T
¢
1.0 °
Frailty states Non-frail Pre-frail Frail
No. of metabolic I —
disorders 0-1

Non-frail Pre-frail Frail
|

should promote coordinated care that addresses
both physical and metabolic health to reduce long-
term risks and improve quality of life for individuals
at risk.

The strengths of this study include its prospective
design, large sample size, and long-term follow-up,
which allowed for joint and stratified analyses with
sufficient  statistical power. However, several
limitations should be noted. First, the observational
nature of the study precludes the establishment of
causal relationships. Second, frailty phenotype and
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|
2 3-4

Figure 3. Associations between frailty and mortality and incident CVD stratified by metabolic status.
Hazard ratios were adjusted for age, sex, ethnicity, Townsend Deprivation Index, assessment center,
educational attainment, smoking status, alcohol consumption, diet, and sleep duration. Only individuals
free from CVD at baseline and during the first two years of follow-up were included in the analysis for
incident CVD (n = 423,312). CVD, cardiovascular disease; CI, confidence interval.
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Figure 4. Joint associations between frailty and metabolic status with mortality and incident CVD. Hazard
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included in the Cox proportional hazards model to estimate their joint effects. Only individuals free from
CVD at baseline and during the first two years of follow-up were included in the analysis for incident CVD

(n=423,312). CVD, cardiovascular disease; Cl, confidence interval.
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metabolic status were measured at baseline, and the
temporal sequence between exposure and mediator
could not be ascertained; thus, the possibility of
reverse causation cannot be excluded. Third, frailty
assessment relied on self-reported data, introducing
potential measurement error. Finally, the
generalizability of the findings may be limited, as the
majority of UK Biobank participants are of European
ancestry.

CONCLUSION

In this study, we comprehensively evaluated the
complex relationship between frailty and metabolic
status in relation to health outcomes. The
associations between frailty and both mortality and
incident CVD were partly mediated by metabolic
status. Additionally, individuals with frailty and
unhealthy metabolic status exhibited the highest
risks of adverse outcomes. These findings highlight
the importance of promoting metabolic health to
reduce the burden of disease, particularly among
individuals with frailty.
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