% Universiteit
4 Leiden
The Netherlands

Physical activity and fiber intake beneficial for muscle mass and
strength preservation during aging: a comprehensive cross-sectional

study in the UK biobank cohort
Morwani-Mangnani, J.; Rodriguez-Girondo, M.; Singh-Povel, C.; Verlaan, S.; Beekman, M.;
Slagboom, P.E.

Citation

Morwani-Mangnani, J., Rodriguez-Girondo, M., Singh-Povel, C., Verlaan, S., Beekman, M.,
& Slagboom, P. E. (2024). Physical activity and fiber intake beneficial for muscle mass and
strength preservation during aging: a comprehensive cross-sectional study in the UK
biobank cohort. Experimental Gerontology, 193. doi:10.1016/j.exger.2024.112474

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/3766165

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/3766165

Experimental Gerontology 193 (2024) 112474

Contents lists available at ScienceDirect

Experimental
Gerontology

Experimental Gerontology

journal homepage: www.elsevier.com/locate/expgero

ELSEVIER

Check for

Physical activity and fiber intake beneficial for muscle mass and strength ~ [%&s
preservation during aging: A comprehensive cross-sectional study in the UK
biobank cohort

Jordi Morwani-Mangnani® ", Mar Rodriguez-Girondo ®, Cecile Singh-Povel ”, Sjors Verlaan ",
Marian Beekman “, P. Eline Slagboom *

@ Section of Molecular Epidemiology, Department of Biomedical Data Sciences, Leiden University Medical Center, Leiden, the Netherlands
b FrieslandCampina, Amersfoort, the Netherlands

ARTICLE INFO ABSTRACT

Section Editor: Christiaan Leeuwenburgh Background: Aging triggers intricate physiological changes, particularly in whole-body fat-free mass (FFM) and
handgrip strength, affecting overall health and independence. Despite existing research, the broader significance
of how muscle health is affected by the intricate interplay of lifestyle factors simultaneously during aging needs
more exploration. This study aims to examine how nutrition, physical activity, and sleep impact on FFM and
handgrip strength in middle-aged men and women, facilitating future personalized recommendations for pre-
serving muscle health.

Methods: The cross-sectional analysis of the UK Biobank involved 45,984 individuals (54 % women) aged 40-70
years with a complete dataset. Multiple linear regression explored determinants of FFM and handgrip strength,
considering traditional, socio-demographics, medication use and smoking as covariates, with sex and age
(younger and older than 55 years) stratifications.

Resuits: In older men and women, higher physical activity beneficially affect both FFM (respectively B = 3.36 x
10’3, p-value = 1.66 x 10’3; B =2.52 x 10’3, p-value = 3.57 x 10~% and handgrip strength (B = 6.05 x 10’3,
p-value = 7.99 x 107>, B = 8.98 x 1073, p-value = 2.95 x 10~ '°). Similar results were found in fiber intake for
FFM in older men and women (respectively B = 3.00 x 1072, p-value = 2.76 x 107> B = 2.68 x 10~2, p-value =
1.78 x 10°) and handgrip strength (B = 3.27 x 1072, p-value = 1.40 x 103 B = 3.12 x 1072, p-value = 1.34
x 1079). Other lifestyle factors influence FFM and handgrip strength differently. Key determinants influencing
handgrip strength included higher protein intake, lower water intake, higher alcohol intake, and extended sleep
duration whereas mainly higher water intake is associated with higher FFM.

Conclusions: In both men and women, the main factors associated with FFM and handgrip strength are physical
activity and fiber intake, which may underlie a connection between gut and muscle health. Given the observed
complexity of muscle health in the age and sex strata, further longitudinal research is needed to provide
personalized lifestyle recommendations.
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1. Introduction

Aging consists of a complex variety of physiological changes in all
tissues. Specifically, shifts in muscle mass and strength have a significant
impact on health and independent functioning at older ages (Kanasi
et al., 2016; Janssen et al., 2000). Variations in handgrip strength often
appear before significant reductions in muscle mass, which highlights
the need to study the unique biological factors controlling these aspects
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separately (Lauretani et al., 2003; Goodpaster et al., 2006). The muscle
changes determine the individual health span and are largely influenced
by sociodemographic and lifestyle factors.

The relationship between muscle health and traditional, clinical,
lifestyle, and socio-demographic factors as previously explored in the
literature is displayed in TABLE S1. Variables such as older age, female
sex, lower BMI, lower waist circumference, high medication use,
smoking, alcohol consumption, lower socioeconomic status, and Asian
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ethnicity are associated with lower muscle mass and strength (Anon, n.
d.; Bosy-Westphal and Miiller, 2015; Prokopidis et al., 2023; Degens
et al., 2015; Silva et al., 2010).In addition, recent research has empha-
sized the impact also of other lifestyle factors like macronutrient intake
and physical activity. Factors such as higher protein intake, water
intake, dietary fiber, physical activity levels, and at least 7 h of sleep
have all been investigated for their separate positive effects on muscle
health (Krzysztofik et al., 2019; Genario et al., 2023; Carbone and
Pasiakos, 2019; Cui et al., 2019; Serra-Prat et al., 2019; Frampton et al.,
2021; Morwani-Mangnani et al., 2022). Sufficient water intake is
important to safeguard muscle cell volume and function while alcohol
consumption is associated with myopathies characterized by lower
muscle protein content (Genario et al., 2023; Auyeung et al., 2015a).
Until now, most studies have examined all these effects individually,
leading to a disjointed comprehension of the effect of lifestyle on muscle
health. Understanding the intricate interactions affecting muscle health
is crucial in shaping robust, age- and or sex-specific strategies to enforce
muscle health in a personalized fashion. This study aims to understand
how nutrition including protein, fiber, water, alcohol intake, exercise,
and sleep duration have independent and differential effects on muscle
health. Available data representative of muscle health in this population
based study include whole-body fat-free mass (FFM) and handgrip
strength in younger (<55 years) and older (>55) men and women of the
UK-Biobank study. This study allows us to see how these factors interact

Table 1
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with age- and sex-related changes, contributing to a more comprehen-
sive understanding of muscle health throughout the lifespan.

2. Methods
2.1. Study design

The present cross-sectional study draws from the UK Biobank, a
substantial cohort study encompassing a diverse array of data sources
comprising 502,628 men and women aged 40-70 years, assessed from
2006 to 2010 in 22 assessment centers around the UK (Sudlow et al.,
2015). Ethical clearance for this research was acquired under the broad
ethical approval secured by UK Biobank investigators from the National
Health Service National Research Ethics Service. The present analyses
were conducted in accordance with application number 78275.

2.2. Study population

From the initial 502,628 participants enrolled at baseline, a cohort of
45,984 individuals (comprising 20,510 men and 25,474 women) met
the inclusion criteria for this investigation (TABLE 1). Specifically, these
participants were aged 40-70 years and possessed complete datasets for
the outcomes under study, exposures pertaining to lifestyle factors, and
the array of covariates of interest, including traditional covariates,

Baseline characteristics of the study populations for men and women younger and older than 55 years. Sleepers were categorized according to sleep duration: short
sleepers <6.9 h; normal sleepers 7-9 h; long sleepers >9 h. *This variable is for exploratory purposes only and will not be included in the analyses.

Men Women All
<55 >55 <55 >55
(N = 8903) (N =12,123) (N =11,607) (N =13,351) (N = 45,984)
Outcomes of Interest
Whole Body Fat Free Mass (WBFFM, kg), 65.5 (7.91) 63.0 (7.35) 45.4 (5.10) 43.9 (4.71) 53.5 (11.6)
mean (SD)
Handgrip strength (HGS, kg), mean (SD) 41.1 (8.69) 37.0 (7.91) 25.1 (5.88) 21.7 (5.56) 30.4 (10.6)
Lifestyle Factors
Physical activity (hours/week), mean (SD) 46.8 (49.1) 46.1 (45.8) 42.8 (41.0) 45.2 (41.5) 45.1 (44.1)
Fiber Adjusted Intake (g/day), mean (SD) 15.3 (6.99) 16.7 (7.00) 16.8 (6.72) 18.1 (6.67) 16.9 (6.90)
Protein Intake (g/kgBW/day), mean (SD)* 0.956 (0.304) 0.977(0.282) 1.190 (0.350) 1.210 (0.324) 1.095 (0.337)
g;;em Adjusted Intake (g/day), mean 81.5 (23.5) 81.8 (20.9) 82.1 (19.8) 83.2 (18.2) 82.2 (20.4)
Water Intake(cups/day), mean (SD) 3.13 (2.52) 2.38 (1.98) 3.42 (2.43) 2.99 (2.10) 2.96 (2.28)
Alcohol Adjusted Intake (g/day), mean 19.9 (29.6) 21.5 (27.9) 13.0 (18.9) 12.7 (17.0) 16.5 (23.8)

(SD)
Sleep
Short, n (%)
Normal, n (%)
Long, n (%)
Traditional covariate
Age (years), mean (SD)
BMIL, mean (SD)
Waist circumference (cm), mean (SD)
Socio-demographic covariates
Assessment Centre
Bristol, n (%)
Sheffield, n (%)
Liverpool, n (%)
Middlesborough, n (%)
Hounslow, n (%)
Croydon, n (%)
Birmingham, n (%)
Ethnicity
White, n (%)
Mixed, n (%)
Asian, n (%)
Black, n (%)
Index of Multiple Deprivation
Medication use
Number medications, mean (SD)
Smoking Status, n (%)
Smoker

6331 (71.1 %)
2503 (28.1 %)
69 (0.8 %)

47.9 (4.62)
27.6 (4.27)
95.1 (11.3)

1271 (14.3 %)
1717 (19.3 %)

877 (9.9 %)

518 (5.8 %)
1646 (18.5 %)
1675 (18.8 %)
1199 (13.5 %)

8165 (91.7 %)

94 (1.1 %)
387 (4.3 %)
257 (2.9 %)

17.6 (12.9)

1.31 (1.87)

1097 (12.3 %)

9310 (76.8 %)
2639 (21.8 %)
174 (1.4 %)

62.6 (3.69)
27.6 (3.99)
97.2 (11.0)

1643 (13.6 %)
2626 (21.7 %)
1513 (12.5 %)

677 (5.6 %)
2163 (17.8 %)
2123 (17.5 %)
1378 (11.4 %)

11,740 (96.8 %)
29 (0.2 %)
259 (2.1 %)
95 (0.8 %)
15.1 (11.4)

2.53 (2.59)

907 (7.5 %)

8892 (76.6 %)
2551 (22.0 %)
164 (1.4 %)

48.1 (4.54)
26.4 (5.25)
82.3 (12.5)

1716 (14.8 %)
2188 (18.9 %)
1102 (9.5 %)
638 (5.5 %)
2161 (18.6 %)
2331 (20.1 %)
1471 (12.7 %)

10,608 (91.4 %)
174 (1.5 %)
422 (3.6 %)
403 (3.5 %)

17.1 (12.5)

1.70 (2.06)

1054 (9.1 %)

9925 (74.3 %)
3239 (24.3 %)
187 (1.4 %)

62.1 (3.69)
26.8 (4.82)
84.8 (12.2)

1803 (13.5 %)
2756 (20.6 %)
1575 (11.8 %)

691 (5.2 %)
2431 (18.2 %)
2588 (19.4 %)
1507 (11.3 %)

12,922 (96.8 %)

47 (0.4 %)

219 (1.6 %)

163 (1.2 %)
15.2(11.49)

2.49 (2.56)

699 (5.2 %)

34,458 (74.9 %)
10,932 (23.8 %)
594 (1.3 %)

55.9 (8.20)
27.1 (4.66)
89.4 (13.4)

6433 (14.0 %)
9287 (20.2 %)
5067 (11.0 %)

2524 (5.5 %)
8401 (18.3 %)
8717 (19.0 %)
5555 (12.1 %)

43,435 (94.5 %)

344 (0.7 %)

1287 (2.8 %)

918 (2.0 %)
16.1 (12.0)

2.07 (2.38)

3757 (8.2 %)
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socio-demographic variables, medication utilization, and smoking status
(Fig. 1, TABLE S1).

2.3. Study procedures

2.3.1. Measurement of whole body fat free mass and handgrip strength
(outcome measures)

FFM and handgrip strength were chosen as outcome measures due to
their substantial sample sizes and established reliability as indicators of
muscle health in the study. Methods of collection at baseline from 2006
to 2010 and data transformations for each measurement can be found in
TABLE S1. FFM was measured through the Tanita BC 418MA, which
used a regression formula derived through repeated regression analysis
using height, weight, age, and impedance between right hand and foot
as variables. Handgrip strength was measured once in each hand with a
Jamar J00105 handgrip dynamometer. In the analysis, we used the
measurement in the dominant hand.

2.3.2. Measurement of lifestyle factors

The Oxford WebQ alone was used to measure all dietary intakes
used, including protein, fiber, alcohol, and water. This is an online self-
reported 24 h recall questionnaire including 200 food items. A 24 h
recall administered by an interviewer has been used to validate it.
Composition data from McCance and Widdowson’s The Composition of
Food and its supplements were used to calculate intakes of nutrients
from this questionnaire. Physical activity was derived from metabolic
equivalents (METs) hours per week which were calculated from ques-
tionnaire data. Sleep duration was derived from questionnaire data.

2.3.3. Measurement of potential confounding variables

Traditional covariate of waist circumference and BMI obtained
during the assessment center visit. Age and sex were gathered from
questionnaires at registration. Additionally, socio-demographic cova-
riates such as ethnicity, IMD, and smoking status were collected from
questionnaire data. Medication use was gathered through a verbal
interview during assessment visits.

2.4. Statistical methods

To evaluate which set of lifestyle factors are independently associ-
ated with FFM and handgrip strength, we employed multiple linear

UK Biobank dataset
(n=502,628)
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regression. We constructed two models: The first with whole-body fat-
free mass as an outcome (Table S2) and the second with handgrip
strength as the outcome (Table S3). Both models included the seven
lifestyle factors of interest, involving nutrition, physical activity, and
sleep factors alongside traditional covariates such as age, sex, BMI, and
waist circumference and socio-demographic factors such as assessment
center (representing geographical distribution), ethnicity, and Town-
send index of multiple deprivation (Townsend and Phillimore, 1988;
Noble et al., 2006; Lloyd et al., 2023). Additional covariates included the
number of medications used and current smoking status. Adjustment for
dietary variables in relation to energy intake was achieved using the
Willett procedure to rectify residual errors (Willett et al., 1997). Sex-
specific stratification was performed, recognizing biological dispar-
ities. Age-specific stratification grouped participants by younger and
older age groups using the cohort’s mean age of 55 as a cut-off (also
referred to as <55 and > 55, respectively). The analysis adopted a
Bonferroni correction with a significance threshold of p < 0.0036 to
account for the 14 explanatory variables in the two models of whole-
body fat-free mass and handgrip strength. Statistical analyses were
performed using R version 4.2.3 and RStudio version 2023.06.1 + 524.

3. Results
3.1. Study population

The cohort of 45,984 participants was stratified by sex and age cat-
egories to explore the biological and behavioral differences between
them: 8234 younger men, 12,783 older men, 10,761 younger women,
and 14,197 older women (Table 1).

The participants in this study exhibited diverse characteristics,
highlighting variations across four distinct age and sex categories
(Table 1). All categories were evenly distributed among assessment
centers, comprised of mainly white ethnicity, and displayed similar
patterns in protein and fiber intake. Additionally, a substantial propor-
tion of participants were identified as short sleepers. A sex-based com-
parison revealed that men exhibited higher FFM, handgrip strength,
BMI, waist circumference, alcohol intake, marginally greater engage-
ment in physical exercise, and slightly lower absolute protein intake and
total-energy-intake-adjusted protein intake compared to women. When
examining age-related differences, the subset younger than 55 years
showed higher FFM, handgrip strength, lower reliance on medication, a

Incomplete dataset

v

(n = 456,650)

Participants with:

v

Records screened
(n = 45,967)

v

Nutrient intake of 0 (n=9)
Handgrip strength of 0 (n =2)

Fig. 1. Flow diagram of the included searches of databases and registers.
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higher prevalence of smokers, lower fiber intake, and increased water
consumption.

To study the independent associations of the known covariates of
FFM and strengths, we performed multiple linear regressions with
whole-body fat free mass (TABLE S2) and handgrip strength (TABLE S3)
as outcomes while adjusting for age, body composition, socio-
demographic and economic factors, medication use and smoking sta-
tus. Below the most important outcomes are summarized.

3.2. More physical activity is associated with both higher FFM and
handgrip strength

Physical activity had significant relevance in muscle parameters
across sex and age groups (Fig. 2, TABLE S2, TABLE S3). In older men
and women, more physical activity was independently associated with
higher FFM (respectively B = 3.36 x 10~, p-value = 1.66 x 107>, B =
2.52 x 1073, p-value = 3.57 x 10~*) and handgrip strength (respectively
B =6.05 x 1073, p-value = 7.99 x 10>, B = 8.98 x 102, p-value =
2.95 x 10~15). These associations are also reflected in men and women
younger than 55 years for FFM (respectively B = 9.02 x 1072, p-value =
1.45 x 107!, B = 4.35 x 1073, p-value = 4.11 x 10~%) and handgrip
strength (respectively B = 1.36 x 1072, p-value = 1.00 x 10713 B =
1.08 x 1072, p-value = 8.52 x 10~17).

3.3. Higher fiber intake is associated with higher FFM and handgrip
strength

Higher fiber intake was found to be associated with higher FFM and
strength in various strata (FIG. 2, TABLE S2, TABLE S3). In older men

Experimental Gerontology 193 (2024) 112474

and women, higher fiber intake was associated with higher FFM
(respectively B = 3.00 x 10_2, p-value = 2.76 x 107> B = 2.68 x 10_2,
p-value = 1.78 x 10~°) and higher handgrip strength (respectively B =
3.27 x 1072, p-value = 1.40 x 103, B = 3.12 x 1072, p-value = 1.34 x
1075). In younger men and women, higher fiber intake was only
significantly associated with higher FFM (respectively B = 4.01 x 1072,
p-value = 5.06 x 107% B = 2.04 x 1072, p-value = 3.15 x 107>).

3.4. Higher protein intake is associated with higher handgrip strength in
men, but not women

Protein intake (adjusted for total energy intake) exhibited distinct
associations with muscle parameters across sex and age groups (FIG. 2,
TABLE S2, TABLE S3). Specifically, protein intake (adjusted for total
energy intake) showed no relation with FFM in men or women. How-
ever, it exhibited an association on handgrip strength in both young and
older men (respectively B = 1.29 x 1072, p-value = 7.41 x 104 B =
1.13 x 10’2, p-value = 8.34 x 10’4). In contrast, protein intake
(adjusted for total energy intake) showed no significant association with
handgrip strength nor mass, neither in young nor older women.

3.5. Higher water intake is associated with higher FFM and not with
handgrip strength

Water intake had varying associations with muscle parameters across
different subgroups (FIG. 2, TABLE S2, TABLE S3). In men both younger
and older than 55 years, higher water intake was associated with higher
FFM (B = 9.89 x 1072, p-value =3.91 x 107°;B=1.13 x 10"}, p-value
=6.70 x 107°, respectively). However, in men younger than 55 years,

R e —
s Y == Physical Activity ——
Physical Activity s~ y y S
—— -
Fibre Intake* - Fibre Intake* " . p-level
—— —
O ns.
P
= —i——
Protein Intake™* 1 _a° Protein Intake* 1 41 5= Dependent Variables
R —_—
-+ Men <55
% Men >55
# Women <55
Water Intake - Water Intake s - Women >55
L .
———
Alcohol Intake* Alcohol Intake* >
—r
-0.05 0.00 0.05 0.10 -0.05 0.00 0.05 0.10
Estimates Estimates
Sleep:Short 1;:,_ Sleep:Short
Sleep:Long™ Sleep:Long™* . =
pr— -V —
06 -0.4 -0.2 0.0 06 -04 -0.2 0.0

Estimates

Estimates

Fig. 2. Lifestyle variables in the multivariate model presented as standardized beta-coefficients associated with (A) muscle mass and (B) handgrip strength for men
and women younger and older than 55 years. Adjusted for traditional covariates, socio-demographic covariates, medication use, and smoking status. The p-value at
which to accept significance (filled in circle) was adjusted to account for multiple testing (p < 0.0036). Sleepers were categorized according to sleep duration: short
sleepers 9 h. *Intakes adjusted for energy intake (see Methods). **Large confidence intervals reflect low statistical power for this variables.
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higher water intake associated with slightly lower handgrip strength (B
= —0.145, p-value = 6.19 x 107°). Associations on FFM were observed
in women younger than 55 years only (B = 4.86 x 10~2, p-value = 3.32
x 1079,

3.6. Higher alcohol intake is associated with higher handgrip strength but
not with FFM

Higher intake of alcohol did not associate with FFM but did with
higher handgrip strength in men both young and older than 55 years (B
=1.08 x 1072, p-value = 5.67 x 10™% B = 1.24 x 1072, p-value = 1.63
X 10_6, respectively) and women older than 55 years (B = 1.49 x 10_2,
p-value = 1.24 x 1077) (FIG. 2, TABLE S2, TABLE S3).

3.7. Sleeping longer than 9 h per night is associated with lower handgrip
strength in women younger than 55 years, but not in men

Sleep duration was found to have a unique impact on muscle pa-
rameters (FIG. 2, TABLE S2, TABLE S3). While sleep duration showed no
significant associations with muscle parameters in men, it was observed
that sleeping longer than 9 h was associated with lower handgrip
strenggh in women younger than 55 years(B = —2.439, p-value = 4.03
x 107°).

4. Discussion

This study examined the link between lifestyle factors (diet, physical
activity, and sleep) and FFM and handgrip strength in individuals aged
40-70 years. Multiple linear regression models revealed higher physical
activity and fiber intake as main independent associated factors with
both parameters. More factors independently associated with handgrip
strength than FFM. Increased water intake was associated with
increased FFM. Higher handgrip strength was associated with higher
protein intake, lower water intake, higher alcohol intake, and extended
sleep duration. The study highlighted age and sex differences in the link
between lifestyle on muscle health in middle-aged to older adults.

The stratification based on age is a pivotal element of this study. It
significantly enhances our comprehension of muscle health dynamics
(Chen et al., 2020). The most remarkable observation is the attenuated
association of physical activity with handgrip strength in men above 55
years, as compared to the other groups including older women. FFM is
associated with physical activity similarly in both sexes over 55 years. It
is essential to consider that sex- and age-related changes both play
substantial roles in the gradual loss of FFM and strength. With age,
detrimental shifts occur in dietary practices and physical activity habits
(Landi et al., 2016; Paterson et al., 2007). It is important to consider the
impact of behavioral differences on exercise in men and women. Men
tend to engage more in strength training than women, while also
adopting riskier behaviors fueled by intrinsic competitiveness. This may
explain why men tend to focus on upper-body training for muscularity,
while women focus on lower-body training and overall body mass
management (Nuzzo, 2023; Yu et al., 2007).

Our results show that older men had the lowest FFM and handgrip
strength out of the four groups. This observation aligns with existing
research that sex differences in muscle physiology exist. Young men
have a larger volume distribution of type II muscle fibers, the main fiber
type involved in strength training. Contrarily, women have a larger
volume distribution of type I muscles, which are related to endurance
training (Barone et al., 2022; Esbjornsson et al., 2021). Physical activity
had the strongest association with FFM in men younger than 55 years as
compared to the other groups. Physical activity has long been recog-
nized for its positive association with muscle health, with the present
study reaffirming this well-established concept in both age and sex
categories for FFM and handgrip strength. Regular exercise first stimu-
lates the neuromuscular system, leading to increased motor unit
recruitment and improved muscle contraction efficiency (Del Vecchio
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et al., 2019). Thereafter it elicits muscle hypertrophy, leading to an in-
crease in muscle size, and promotes muscle protein synthesis, a funda-
mental process for muscle growth (Schoenfeld et al., 2017). However,
FFM and handgrip strength decline with age, as confirmed in our data.
This is especially observed in men, clearly not prevented by their
physical activity. Our results therefore underscore that older individuals
might need tailored exercise and dietary regimens to counteract these
age-related changes and maintain or enhance their FFM and handgrip
strength (Vaz et al., 2022; Li et al., 2022).

The literature corroborates our findings for both FFM and handgrip
strength, where a higher fiber intake is associated with higher lean mass
and handgrip strength (Frampton et al., 2021). The positive association
of higher fiber intake with FFM across sexes and age groups may be
explained by the gut-muscle axis hypothesis, which posits that gut mi-
crobial diversity and abundance of certain gut bacteria may be associ-
ated with muscle health (Prokopidis et al., 2021; Ticinesi et al., 2017;
Ticinesi et al., 2019). In theory, a diverse gut microbiota promotes the
production of short-chain fatty acids, which are known to influence
muscle metabolism (Taniguchi et al.,, 2018). Short-chain fatty acids
regulate muscle protein synthesis and degradation, which in turn affect
FFM (Frampton et al., 2020; Chen et al., 2022). While the present study
cannot conclude the directionality of effect for the gut-muscle axis hy-
pothesis, it provides a foundation for the hypothesis that higher dietary
fiber intake may promote muscle health via the diversification and
increased abundance of commensal bacteria.

Protein intake, a widely recognized factor in muscle health, sur-
prisingly did not show a significant independent association with FFM in
our study. This could be attributed to our adjustment for total caloric
intake as evidenced by the change in beta coefficients and statistical
significance (FIG. S1, Table S4, Table S5) suggesting that FFM devel-
opment does not solely rely on protein intake but also requires a
balanced diet with appropriate caloric intake (Grandjean, 1999; Kerk-
sick et al., 2017). Recent studies suggest that total-energy-unadjusted
protein intake patterns across the day, and not only total protein
intake, are essential for optimal muscle health (Hgjfeldt et al., 2020;
Verreijen et al., 2019). Furthermore, we found total-energy-intake-
adjusted protein intake to be associated with increased handgrip
strength in men, but not in women. This sex-based variability in
response to protein intake might be due to, men having more lean mass
than women and inherently more strength, requiring a higher absolute
protein intake to preserve their muscle health (Evans et al., 2012). We
observed a similar total-energy-adjusted protein intake among men and
women. However, the absence of effect of protein intake on FFM and
strength in women may be due to the visibly higher SD compared to
men.

Higher water intake was found to associate with higher FFM,
particularly in men in both age categories and women younger than 55
years. However, this association may largely be conditioned by the fact
that FFM were measured by using BIA, which is fundamentally sensitive
to hydration status of an individual to derive the calculation.
Conversely, our study showed that higher water intake is associated with
lower muscle strength in men younger than 55 years. Previous studies
support the importance of hydration for both muscle mass and strength,
especially in older adults (Kim et al., 2021a). Nevertheless, the biolog-
ical mechanism behind this associations remains unclear and would
require further study.

Women older than 55 years had the lowest alcohol intake and the
highest protective effect on handgrip strength. The observed protective
effect of alcohol specifically on handgrip strength in men of both age
categories and women older than 55 years is intriguing and can be un-
derstood through several interconnected mechanisms. Firstly, limited
alcohol consumption has been shown to provide neuroprotection
through its antioxidative and anti-inflammatory properties (Collins
et al., 2009). Alcohol, particularly at modest doses, exhibits antioxidant
capabilities, which can counteract the damaging effects of oxidative
stress and inflammation (Kojima et al., 2017). This, in turn, can
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safeguard neuronal function, associated with enhanced muscle control
and strength. Sex differences in behaviors in alcohol consumption may
underpin the absence of significance in younger women (White, 2020).
Overall, the present results are consistent with previous explorations
regarding low-to-moderate alcohol intake and muscle health within the
same cohort (Skinner et al., 2023).

Lastly, we show that sleeping longer than 9 h is associated with lower
handgrip strength. This unexpected finding suggests that there might be
underlying physiological mechanisms, such as hormonal fluctuations,
and alterations in neuromuscular function associated with extended
sleep that impact handgrip strength (Genario et al., 2023; Kim et al.,
2021b). For instance, extended sleep could interfere with the natural
rhythm of anabolic and catabolic hormone secretion, which is crucial for
muscle recovery and strength (Dattilo et al., 2020). Sleep also affects
other hormones like cortisol is involved in muscle protein degradation
(Lamon et al., 2021; Auyeung et al., 2015b). Previous studies have
associated longer sleep duration to various adverse health-related out-
comes, and we found its association with lower handgrip strength. The
explanation for these associations remains to be elucidated (Wang et al.,
2018; Ohara et al., 2018).

Our analysis boasts strengths in three key areas. Firstly, the cross-
sectional design in the present study proves valuable for hypothesis
generation and exploration of potential associations between lifestyle
factors, offering a snapshot of the UK population. Furthermore, it allows
for the simultaneous examination of multiple muscle health outcomes
and lifestyle and covariate exposures, providing a comprehensive
overview of various factors within the studied population. Secondly, the
specific age range (40 to 70) allows us to examine muscle health decline
preceding conditions like sarcopenia. By including working-age in-
dividuals, it explores lifestyle factors’ impact on early muscle quality
loss, offering insights into tailored interventions through comparisons
between middle-aged and younger male and female groups. Thirdly, by
dissecting the influence of individual lifestyle components, such as di-
etary habits, hydration levels, and physical activity, we gain deeper
insights into their specific association with FFM and handgrip strength.
This nuanced analysis not only enhances our understanding of the fac-
tors that influence FFM and strength but also helps identify targeted
interventions for optimizing muscle health across diverse populations..

While the present study boasts strengths, it also faces limitations.
Firstly, its cross-sectional design restricts establishing causal relation-
ships between lifestyle factors and muscle health outcomes, necessi-
tating future longitudinal studies for deeper insights. Moreover, reliance
on self-reported data introduces potential recall and response biases,
urging the inclusion of objective measures like accelerometers or dietary
logs in future research. Additionally, using BIA for FFM assessment may
lead to variability and potential inaccuracies compared to more precise
methods like dual-energy X-ray absorptiometry (DEXA) and Magnetic
Resonance Imaging (MRI). In this cohort, however, the DEXA scans were
only available in 2594 participants with a complete dataset in a follow-
up visit and MRI solely focused on abdominal lean mass in 41,427
participants with a complete dataset at baseline. Incorporating DEXA
scans in feasibly-sized cohorts and whole-body MRI scans could enhance
FFM measurements’ precision and validate findings. Lastly, while the
study aims to explore early lifestyle signatures of muscle health decline,
its focus on a broad age range may not fully capture nuances observed in
older adults affected by sarcopenia. Future research should prioritize
investigating these older age cohorts to better understand muscle loss
progression across various life phases and its implications for overall
health. Addressing these limitations is vital for advancing comprehen-
sion of the complex relationship between lifestyle factors and muscle
health and for devising effective interventions to promote healthy aging
and preserve muscle function.

5. Conclusion

Our study emphasizes lifestyle factors associate more to handgrip
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strength then Fat Free Mass. Physical activity and fiber intake, however,
show their relevance to both outcomes in both sexes across ages up to 70
years, potentially involving the gut-muscle axis. Our findings in strati-
fied analyses underscore the complex nature of muscle health, requiring
longitudinal research to provide personalized lifestyle recommendations
to specific populations.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.exger.2024.112474.
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