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ABSTRACT

Background: Evidence regarding serum uric acid (SUA) and sarcopenia remains insufficient and controversial. Muscle mass is
a basic and objective component of sarcopenia, and relative muscle loss has been used to define sarcopenia in some studies. We
sought to investigate the association of SUA levels with relative muscle loss in the National Health and Nutrition Examination
Survey (NHANES) 2011-2018.

Methods: Relative muscle loss was defined by the Foundation for the National Institutes of Health (FNIH) as characterized by
appendicular lean mass (ALM) adjusted by BMI (ALM/BMI) < 0.512 for women and < 0.789 for men. Multivariate logistic regres-
sion models were performed, and sample weights were accounted to reflect the nationally representative estimates. Restricted
cubic spline regression was performed to visualize the dose-response relationship.

Results: A total of 8967 individuals (mean age 39.4 £ 0.3 years, female 50.1%) were included, with a mean SUA of 5.3+0.02mg/
dL; 762 patients with relative muscle loss (weight prevalence 7.1%) were identified, and participants in the highest quintile of SUA
exhibited the highest prevalence, up to 10.5%, while participants in the lowest quintile presented the lowest prevalence (5.3%).
After adjusting for sociodemographic, behavioural factors, morbidities and renal function related indicators, participants in the
highest quintile of SUA levels presented an elevated risk of relative muscle loss, with OR of 1.78 (95% CI: 1.24, 2.56), as compared
with the lowest quintile. This association remained stable across most subgroups, and stronger associations were observed in
groups with BMI < 25kg/m? and exceeding recommended physical activity levels (p for interaction <0.05). Notably, a nonlinear
association between SUA and relative muscle loss was observed in the overall populations, whereas a linear association was
observed in men, participants with BMI < 25kg/m?, and participants with exceeding recommended physical activity levels, with
the risk of relative muscle loss increasing as SUA levels increased (p for overall <0.01 and p for nonlinear >0.05).
Conclusions: In summary, this study revealed that elevated SUA levels are a potentially independent risk factor of relative mus-
cle loss among the US adults. Clinical screening for SUA levels may contribute to early detection and prevention of muscle loss.
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1 | Introduction

Sarcopenia is a syndrome characterized by the progressive loss of
skeletal muscle mass, strength and function, occurring in ageing
and other clinical conditions [1]. The occurrence of sarcopenia
in adults ranged from 7% to 12%, with a steady annual increase
with the growing global ageing population [2]. Increasing epide-
miological evidence underscored that individuals with sarcope-
nia were prone to falls, disability, hospitalization and premature
death, contributing to a substantial economic burden on health
systems, families and individuals [3]. Sarcopenia has become a
pressing public health concern worldwide. Therefore, identify-
ing risk factors for sarcopenia is imperative to guide the imple-
mentation of early intervention strategies.

Serum uric acid (SUA), as the ultimate product of purine me-
tabolism, has the potential to induce inflammation, oxidative
stress and endothelial dysfunction [4]. Previous research indi-
cated that higher SUA levels were closely related to increased
risks of chronic kidney disease, diabetes, cardiovascular dis-
ease and metabolic disorders [5, 6]. Recent studies implied
that SUA levels were also associated with sarcopenia. Several
studies displayed that elevated SUA levels were associated
with skeletal muscle mass loss, indicating that higher SUA
levels may contribute to an increased risk of sarcopenia [7, 8].
Conversely, several studies suggested that SUA may have ben-
eficial physiological effects as an antioxidant among partic-
ipants involved from Italy [9], Brazil [10] and China [11]. In
plasma, SUA neutralizes critical and hazardous pro-oxidants
such as iron-containing radicals, peroxynitrite and hydroxyl
radicals [12, 13], thereby potentially mitigating the risk of
muscle mass and strength loss. These inconsistent findings
prompt us to identify whether SUA can serve as a risk fac-
tor or predictor of sarcopenia among adults. Muscle mass is
a basic and objective component of sarcopenia, and relative
muscle loss has been used to define sarcopenia in some stud-
ies [14, 15]. To fill these knowledge gaps, we sought to inves-
tigate the association of SUA levels with relative muscle loss
in the National Health and Nutrition Examination Survey
(NHANES) 2011-2018 and to visualize the dose-response re-
lationship between them.

2 | Methods
2.1 | Study Population

The NHANES is a large-scale, stratified multistage and nation-
ally representative program conducted in the United States, pro-
viding comprehensive demographic, socioeconomic, lifestyle,
physical examination and laboratory data. The program was
approved by the NCHS Ethics Review Board (Protocols 98-12,
2005-06, 2011-17 and 2018-01). All participants signed in-
formed consent forms.

In this study, we utilized the data from the NHANES 2011-
2018, which provided information on skeletal muscle mass
assessment, measured utilizing dual-energy X-ray absorptiom-
etry (DXA) scans. After excluding participants aged <18years,
without information on SUA levels, DXA or body mass index
(BMI) or without complete demographic data, 8967 participants

were finally included in this study. The flow chart is presented
in Figure 1.

2.2 | Exposure Measurement

In the NHANES 2011-2016, SUA levels were measured using
a Beckman UniCel DxC800 Synchron, while in the NHANES
2017-2018, a Roche Cobas 6000 analyser was used [16]. Earlier
research has reported the analyses using SUA combined from
multiple NHANES cycles [17].

2.3 | Outcome Ascertainment

Appendicular lean mass (ALM) was calculated as the sum of
the skeletal muscle mass of both legs and arms measured by
DXA. Relative muscle loss was used as proxies for sarcope-
nia. According to the recommended consensus proposed by
the Foundation for the National Institutes of Health (FNIH)
[18], muscle loss was defined as ALM adjusted for BMI (ALM/
BMI)<0.789 for men and <0.512 for women, consistent with
previous NHANES studies [14, 15]. At present, a universally
established definition for sarcopenia is notably absent, and
studies have shown that different methodologies used to de-
fine sarcopenia may contribute inconsistent analysis results
[19, 20]. Therefore, we further adopted two other criteria to de-
fine sarcopenia, namely: (1) sarcopenia was defined as ALM/
height? < 7.26 kg/m? for men and < 5.45kg/m? for women based
on the European Working Group on Sarcopenia in Older People
(EWGSOP) and previous study utilizing NHANES [21]; (2) sar-
copenia was defined as ALM <19.75kg for men and <15.02kg
for women based on the alternative criteria proposed by FNIH
[18]. The associations between SUA and sarcopenia (defined by
different criteria) were also analysed.

Although functional assessments such as grip strength and gait
speed were widely used in defining sarcopenia [22], they were
not included in this study due to data availability constraints.

| Participants from NHANES 2011-2018 (n=39,156) |

Excluded (n=27,965)

« Age < 18 years old (n=15,331)

« No available information on examined
sample final weight (n=1,081)

« Missing serum uric acid (n=1,494)

« Missing DXA (n=10,089)

* Missing BMI (n=33)

Excluded (n=2,198)

« Missing education level (n=882)

* Missing PIR (n=817)

* Missing smoking or drinking (n=6)

« Missing physical activity (n=51)

< Missing total energy intake or healthy
eating index(n=442)

Excluded (n=26)
* Missing urinary creatinine, urinary
albumin or serum creatinine (n=26)

| Participants included in the main analyses (n=8,967) |

FIGURE1 | Flow chart of participants included in this study. DXA,
dual-energy X-ray absorptiometry; BMI, body mass index; PIR, family
poverty income ratio.
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Specifically, grip strength data were only collected in the
NHANES 2011-2014 cycles, and gait speed was not assessed
in NHANES during the study period (2011-2018). To ensure
consistency across the entire dataset, we used relative muscle
loss as proxies for sarcopenia [18]. Skeletal muscle is the most
basic, objective and promising parameter among components of
sarcopenia-associated disorders. While this approach effectively
evaluates muscle mass-related sarcopenia, it may not fully
capture the functional aspects of the condition. Future studies
incorporating functional parameters would provide a more com-
prehensive assessment of sarcopenia.

2.4 | Physical Activity Assessment

The assessment of individual physical activity was based on
the Global Physical Activity questionnaire (GPAQ) and GPAQ
Analysis Guide of the World Health Organization (WHO) [23]
and the 2018 Physical Activity Guidelines for Americans [24].
Questionnaire methods were used to investigate the frequency
and duration of moderate or vigorous physical activity per
week, including occupation-related, transportation-related and
leisure-time physical activity. Metabolic Equivalent of Task
(MET) was calculated and participants were classified based
on the 2018 Physical Activity Guidelines for Americans, as de-
scribed in previous studies in NHANES [25]. Sufficient physical
activity was defined as 150-300 min/week of moderate-intensity,
or 75-150min/week of vigorous-intensity physical activity,
which was equivalent to 600-1200 MET-min/week. Exceeding
exercise group was defined as >300min/week of moderate-
intensity, or >150min/week of vigorous-intensity physical ac-
tivity (>1200 MET-min/week). Insufficient exercise group was
defined as <150min/week of moderate-intensity, or <75min/
week of vigorous-intensity physical activity (<600 MET-min/
week). Additionally, an early guideline (2008 Physical Activity
Guidelines for Americans) was further considered [26], and in
this version, 150-300min/week of moderate aerobic activity
was recommended for adults. The early guideline also explicitly
stated that ‘using the 2-to-1 rule of thumb, doing 150 minutes
of vigorous-intensity aerobic activity a week provides about the
same benefits as 300 minutes of moderate intensity activity’.
Details of physical activity items and suggested MET scores are
shown in Table S1.

2.5 | Covariates

Sociodemographic characteristics encompassed age, sex, race/
ethnicity, education and family income. Behavioural factors and
physical examination indicators included smoking status, alco-
hol consumption, physical activity, total energy intake (TEI),
healthy eating index (HEI, calculated using HEI-2015 [27])
and BMI. Previous studies have demonstrated the association
of long-term conditions with sarcopenia [28], so some common
diseases were also included as potential confounding factors,
including hypertension, dyslipidaemia, diabetes and cancer. We
further considered albuminuria (characterized by a urinary al-
bumin to creatinine ratio of >30mg/g) and estimated glomeru-
lar filtration rate (eGFR, calculated using the Chronic Kidney
Disease Epidemiology Collaboration equation) [29]. Detailed
definitions of these variables are provided in Methods S1.

2.6 | Statistical Analyses

All statistical analyses accounted for sample weights, strata and
primary sampling units to reflect the nationally representative
estimates. Baseline characteristics were displayed as mean (SE)
and percentages (%). Participants were grouped into quintiles
1-5 (Q1-Q5) based on the SUA levels, pursuant to the previous
study in NHANES [17]. Multivariate logistic regression models
were performed to explore the association between SUA levels
and muscle loss, and three models were fitted. Model 1 was ad-
justed for age (continuous), sex and race/ethnicity. Model 2 was
further adjusted for family income, education, physical activity,
alcohol consumption, smoking, TEI and HEI. Model 3 was fur-
ther adjusted for BMI, hypertension, dyslipidaemia, diabetes,
cancer, albuminuria and eGFR. Stratified analyses were per-
formed to explore differences among different subgroups. SAS
version 9.4 (SAS Institute, USA) was utilized for these statistical
analyses.

Restricted cubic spline (RCS) model was performed to visualize
the dose-response associations between SUA levels and relative
muscle loss in overall population and subgroups of gender, phys-
ical activity and BMI. Weights were ignored due to the absence
of an available RCS model for complex, multistage sampling
survey data. R 4.4.0 and R-Studio was used for RCS models and
some graphs. In this study, the RCS models of 3, 4 and 5 nodes
were fitted respectively, and the optimal number of nodes was
subsequently identified by the Akaike Information Criterion
(AIC). AIC is a standard used to evaluate the goodness of fit and
complexity of a model. The smaller the AIC value, the better
the model.

3 | Results
3.1 | Baseline Characteristics

This study included 8967 eligible individuals (mean age
39.4+0.3years, female 50.1%) with a mean SUA level of
5.3+£0.02mg/dL. The baseline characteristics according to quin-
tiles of SUA levels are exhibited in Table 1. Notably, a signifi-
cant difference in SUA levels was observed in gender subgroups,
with males having higher SUA levels. Following comparing dif-
ferences in behaviour-related factors, long-term conditions and
renal function related indicators, participants with higher SUA
levels were characterized as smokers, drinkers, with exceeding
recommended physical activity levels, high TEI, low HEI, obese
and having hypertensive, dyslipidaemia or proteinuria.

3.2 | Association of SUA Levels With Muscle Loss

A total of 762 patients with relative muscle loss were observed,
with a weighted prevalence rate of 7.1%. Participants with SUA
levels in the highest quintile exhibited the highest incidence
rate of relative muscle loss, up to 10.5%, while participants in
the lowest quintile presented the lowest incidence rate (5.3%).
After simply adjusting for age, sex and race/ethnicity, partici-
pants in the highest quintile of SUA levels exhibited an elevated
risk of relative muscle loss, with OR of 2.70 (95% CI: 1.87, 3.90),
as compared with the lowest quintile. Following comprehensive
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adjusting for sociodemographic, behavioural factors, long-term
morbidities and renal function related indicators, the associa-
tion of SUA levels with relative muscle loss risk remained signif-
icant, with OR of 1.78 (95% CI: 1.24, 2.56). Notably, as SUA levels
rose, the risk of relative muscle loss exhibited an increasing
trend (p for trend =0.004). For a one-unit increment in SUA lev-
els, the OR of relative muscle loss was 1.19 (95% CI: 1.08, 1.31).
Detailed results of all three fitted models are shown in Table 2
and Figure S1.

Table S2 shows the associations of SUA levels with sarcopenia
defined by absolute muscle mass and height-adjusted muscle
mass. After adjusting for BMI (as a categorical variable, divided
into <25, 25-29.9 or > 30kg/m?) and other confounding factors,
no significant association was observed between SUA levels and
low absolute muscle mass risk. Following fully adjusting for
BMI (as a continuous variable) and other confounding factors,
participants in the highest quintile of SUA levels exhibited an
elevated risk of low absolute muscle mass, with OR of 2.26 (95%
CI: 1.33, 3.82), as compared with the lowest quintile. Similarly,
participants in the highest quintile of SUA levels (vs. quintile 1)
were significantly associated with low height-adjusted muscle
mass risk, showing an OR of 2.79 (95% CI: 1.84, 4.24) after fully
adjusting for BMI (as a continuous variable) and other confound-
ing factors.

3.3 | Subgroup Analyses

In stratified analysis, individuals with elevated SUA levels
consistently demonstrated a significant association with in-
creased risks of relative muscle loss across most subgroups.
In the male group, participants in the highest quintile of SUA
levels (vs. quintile 1) were significantly associated with rel-
ative muscle loss risk, showing an OR of 2.25 (95% CI: 1.29,
3.90), while the association was not significant in women with

OR of 1.40 (95% CI: 0.83, 2.34), and the test for multiplica-
tive interactions is not statistically significant (p for interac-
tion = 0.478). Subsequent analyses of other subgroups revealed
significant interactions of SUA levels with physical activity
and BMI for relative muscle loss (p for interaction <0.05, 0.01,
respectively), and did not show the interaction among other
variables (p for interaction >0.05). The ORs of participants
in the highest quintile SUA levels (vs. quintile 1) and relative
muscle loss risk were 3.00 (95% CI: 1.67, 5.38, highest among
groups classified by physical activity) in participants with ex-
ceeding recommended physical activity levels, and 10.13 (95%
CI: 2.83, 36.23, highest among groups classified by BMI) in
participants with a BMI <25kg/m?. Detailed results of the
subgroup analyses are presented in Table S3 and Figure S2.

3.4 | Dose-Response Relationship Between SUA
Levels and Relative Muscle Loss

RCS models were performed to visualize the dose-response
associations between SUA levels and relative muscle loss in
overall population and subgroups classified by gender, phys-
ical activity and BMI. A nonlinear dose-response curve was
observed in 8967 individuals, with the risk of relative mus-
cle loss increasing as SUA levels increased (p for nonlinear
<0.05). In stratified analyses of gender, a similar nonlinear
dose-response association was observed in women (p for non-
linear <0.05), whereas a linear dose-response association
was observed in men (p for overall <0.01 and p for nonlinear
>0.05) (Figure 2). In stratified analyses of groups classified
by physical activity levels and BMI, linear dose-response as-
sociations were observed in participants with exceeding rec-
ommended physical activity levels, and participants with a
BMI < 25kg/m?, both with an increasing risk of relative mus-
cle loss as SUA levels increased (p for overall <0.01 and p for
nonlinear > 0.05) (Figure 3).

TABLE 2 | Associations of SUA levels with relative muscle loss in the NHANES 2011-2018.
SUA levels, mg/dL
Q Q2 @ Q4 Qs Per 1mg/dL p for
<4.1 4.1-4.8 4.9-5.5 5.6-6.4 >6.4 increment trend
No. case/total 135/1842 117/1697 152/1789 156/1829 202/1810 —
Prevalence (%) 5.26 5.58 6.65 7.36 10.53 —
Model 1 1 (Ref) 1.121 (0.758, 1.435(0.994, 1.623 2.698 1.291 (1.181, <0.001
1.658) 2.071) (1.152, (1.868, 1.410)%*
2.286)** 3.896)%**
Model 2 1 (Ref) 1.127 (0.744, 1.382(0.962, 1.511 2.490 1.259 (1.155, <0.001
1.708) 1.985) (1.070, (1.739, 1.373)***
2.135)* 3.564)***
Model 3 1 (Ref) 0.995 (0.632, 1.097 (0.745, 1.136 1.778 1.190 (1.079, 0.004
1.568) 1.617) (0.796, (1.235, 1.312)%
1.621) 2.558)**

Note: Values are n, weighted percentages, or weighted OR (95% CI). Ref, reference. *p <0.05, **p <0.01, ***p <0.001.

Model 1 was adjusted for age (continuous), sex and race or ethnicity.

Model 2 was further adjusted for education level, family income level, smoking status, alcohol intake, physical activity, total energy intake (in quartiles) and HEI (in

quartiles).

Model 3 was adjusted for model 2 plus BMI (<25, 25-29.9 or > 30kg/m?), hypertension, dyslipidaemia, diabetes, cancer, albuminuria and eGFR.
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Overall Men Women

P for overall < 0.001 ! 3] P for overall = 0.003 P for overall = 0.011
P for nonlinear = 0.042 P for nonlinear = 0.892 P for nonlinear = 0.021

OR (95% Cl)
4

w

5 7 5 7 5 7
Serum uric acid levels (mg/dL) Serum uric acid levels (mg/dL) Serum uric acid levels (mg/dL)

FIGURE 2 | Restricted cubic spline plots of the association between SUA levels and relative muscle loss. Models were adjusted for age (continu-
ous), sex (except in the gender subgroup analyses), race/ethnicity, education, family income, smoking status, alcohol intake, physical activity, total
energy intake (in quartiles), healthy eating index (in quartiles), BMI (<25, 25-29.9 or >30kg/m?), hypertension, dyslipidaemia, diabetes, cancer,

albuminuria and eGFR.
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FIGURE3 | Restricted cubic spline plots of the association between SUA levels and relative muscle loss in subgroups classified by physical activity
and BMI. Models were adjusted for age (continuous), sex, race/ethnicity, education, family income, smoking status, alcohol intake, physical activity
(except in the physical activity subgroup analyses), total energy intake (in quartiles), healthy eating index (in quartiles), BMI (<25, 25-29.9 or > 30kg/
m?, except in the BMI subgroup analyses), hypertension, dyslipidaemia, diabetes, cancer, albuminuria and eGFR.

Generalized linear models were used to calculate the detailed increment in SUA levels, the ORs of relative muscle loss were
elevated risk of relative muscle loss as SUA levels increased in 1.24 (95% CI: 1.08, 1.43) in men, 1.46 (95% CI: 1.26, 1.69) in par-
subgroups divided by gender, physical activity and BMI. After ticipants with exceeding recommended physical activity levels,
fully adjusting for confounder factors, and accounting for sam- and 1.88 (95% CI: 1.37, 2.57) in participants with a BMI<25kg/
ple weights, strata and primary sampling units, for a one-unit m?. Details are presented in Figure 4.
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Subgroups Case/Participants  Prevalence rate  P.value OR (95% Cl)
Overall 762/8967 7.09% 1.190 (1.079, 1.312) e
Sex
Men 375/4385 7.62% 0.099 1.238 (1.076, 1.426) F—e—
Women 387/4195 6.56% 1.124 (0.957, 1.321) H——
Physical activity
Insufficient 333/2768 10.80% <.001 1.008 (0.853, 1.190) ——
Sufficient 781927 6.70% 0.821 (0.543, 1.241) F———
Exceeding 351/5272 5.46% 1.456 (1.258, 1.686) F——
BMI, kg/m2
<25 61/2809 1.36% <.001 1.875 (1.371, 2.565) b |
25-29.9 178/2815 4.24% 1.110 (0.875, 1.408) e
230 523/3343 14.52% 1.166 (1.053, 1.292) o
| | | |
0.5 1 1.5 2 26

FIGURE 4 | Associations of SUA levels with relative muscle loss based on subgroup analyses of gender, physical activity and BMI. All statistical

analyses accounted for sample weights, strata and primary sampling units to reflect the nationally representative estimates. p values show the results

of the y? tests, which are used to examine differences in the prevalence of relative muscle loss among subgroups. ORs (odds ratios) show the associ-

ations of serum uric acid (continuous) with relative muscle loss in subgroups. Models were adjusted for age (continuous), sex (except in the gender

subgroup analyses), race/ethnicity, education, family income, smoking status, alcohol intake, physical activity (except in the physical activity sub-

group analyses), total energy intake (in quartiles), healthy eating index (in quartiles), BMI (< 25, 25-29.9 or >30kg/m?, except in the BMI subgroup
analyses), hypertension, dyslipidaemia, diabetes, cancer, albuminuria and eGFR.

4 | Discussion

Leveraging data from representative populations in the United
States, we identified a significant positive association between
high SUA levels and an increased risk of relative muscle loss.
This association remained stable across most subgroups, and
stronger associations were observed in groups with BMI < 25kg/
m? and exceeding recommended physical activity levels. A non-
linear association between SUA and relative muscle loss in the
overall population was observed, whereas a linear association
was observed in men, participants with BMI<25kg/m?, and
participants with exceeding recommended physical activity lev-
els. These results highlight the clinical value of high SUA levels
as an independent risk factor and potential blood biomarker for
muscle loss.

As a common clinical indicator of purine metabolism, the re-
lationship between SUA and sarcopenia has been widely dis-
cussed in recent years. A study conducted in Japan observed
a significantly lower muscle strength in the hyperuricaemia
group compared with the nonhyperuricaemia group among 586
men [8]. Beavers et al.'s study demonstrated that participants in
the highest SUA concentrations group had a 2.0-fold risk of sar-
copenia compared with the lowest SUA group [7], which was
similar to the 1.8-fold risk found in our study. The evidence sug-
gests that high SUA may serve as a potential risk factor for sar-
copenia. However, Can et al.'s study with 72 patients recruited
from the geriatric outpatient clinic observed significantly lower
SUA levels in patients with sarcopenia [30]. A study conducted
in West China found a notable negative correlation between
high SUA levels and sarcopenia in both genders, suggesting that
high SUA levels may serve as an independent protective factor
for muscle mass and strength [31]. Nahas et al.'s study found no
significant association of SUA with appendicular muscle mass
index [32]. The current evidence in this field is still insufficient

and controversial, and differences in sarcopenia definition crite-
ria, adjustment for confounders, and ethnic and regions may po-
tentially contribute to the inconsistent conclusions. At present,
a universally established definition for sarcopenia is notably ab-
sent, which may be due to the diversity of muscle mass measure-
ments. Earlier studies highlighted that individual differences
were an important factor influencing muscle mass, especially in
gender, height and weight [18]. The commonly used definition
criteria for sarcopenia mainly include the consensus proposed
by FNIH, EWGSOP and Asian Working Group for Sarcopenia
(AWGS) respectively, which primarily used BMI-adjusted mus-
cle mass (ALM/BMI) and height-adjusted muscle mass (ALM/
height?). Peng et al.'s and Takegami et al.'s studies have shown
that different methodologies used to define sarcopenia may con-
tribute to inconsistent results [19, 20]. These prompted us to re-
examine which definition was more appropriate and whether the
definition chosen accurate for a specific population and study.

In this study, the associations of SUA with absolute and relative
muscle mass loss were analysed and compared, and BMI was
identified as a crucial factor contributing to the inconsistent re-
sults. Adjusting for BMI in a coarse category may be insufficient
in studies of sarcopenia defined using absolute muscle mass or
ALM/height?. Furthermore, ALM/BMI combined height and
weight information, and the results appeared to be more robust.
ALM/BMI was recommended as a sarcopenia-related indicator
by the FNIH in 2014 [18]. Subsequently, Moon Joon-Ho et al.
conducted a community-based prospective cohort study and
found that ALM/BMI provided better prognostic values than
ASM/height? in long-term mortality risk [33]. Additionally,
AWGS 2019 indicated that ALM/BMI may be superior to unad-
justed muscle mass (or ALM/height?) in predicting functional
outcomes or adverse clinical outcomes, encouraging the use of
ALM/BMI in future studies to determine the best way to mea-
sure muscle mass [34].
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Notably, renal function related indicators are important con-
founding factors, which should be considered but were ignored
in previous study [31]. Evidence suggested that renal function
was closely related to SUA and sarcopenia [35]. Renal dysfunc-
tion may be accompanied by sarcopenia, and patients with
chronic kidney disease may have higher SUA levels because of
limited SUA excretion [36]. Adjusting indicators related to renal
function may contribute to identifying whether SUA levels could
be used as an independent risk factor for sarcopenia. Leveraging
data from a large and nationally representative population in the
United States and muscle mass as assessed by DXA, we observed
SUA as a potential independent risk factor for relative muscle
loss with adjustments of various confounding factors, including
renal function related indicators.

Considering that the average SUA levels of diverse populations
is different (e.g., the SUA level of Japanese who eat more seafood
was higher than that of participants in western China), it may
be limited in generalizability to simply divide the study popula-
tion into high/low groups or quartiles according to SUA levels.
However, previous studies have mostly categorized SUA levels
as either high or low, or into quartiles [8, 11, 32], so the dose-re-
sponse relationship between SUA levels and sarcopenia remains
unclear. To address this issue, we further performed RCS regres-
sion analyses and found a nonlinear association between them,
with the risk of muscle loss increasing as SUA levels increased.
This provides scientific evidence to clarify the relationship be-
tween SUA and sarcopenia.

Several underlying mechanisms might explain the association
between high SUA levels and sarcopenia risk. First, UA can
trigger inflammation by fostering the generation of reactive
oxygen species (ROS) in muscle tissue. While functioning as
a systemic circulation antioxidant via pro-oxidant neutraliza-
tion, UA exerts pro-oxidant intracellular effects, triggering ROS
production through three distinct pathways: (1) stimulation of
membrane-bound NADPH oxidase-mediated superoxide (O, )
synthesis through catalytic NADPH conversion [37], (2) upreg-
ulation of xanthine oxidase activity in the metabolic process
of UA [38] and (3) mitochondrial electron transport chain im-
pairment that induces electron leakage and consequent super-
oxide overproduction [12]. This process leads to damage and
functional abnormalities in skeletal muscle cells, which are
central to the development of sarcopenia. Second, elevated SUA
levels may cause endothelial dysfunction, resulting in vascular
disease that hampers blood flow and nutrient supply, thereby
intensifying skeletal muscle mass loss [39]. Third, high SUA
levels can detrimentally impact kidney function, disrupting the
body's metabolic cycle and its ability to maintain fluid balance,
which further contributes to the decline in muscle strength [40].
Finally, elevated SUA is also linked to insulin resistance, which
can lead to the breakdown of muscle proteins and a decrease in
physical capacity—key factors in the onset of sarcopenia [41].
Together, these pathways highlight the complex role of SUA in
facilitating skeletal muscle mass loss and sarcopenia within the
population.

Interestingly, in subgroup analyses, we found that higher
SUA levels were more strongly associated with an increased
risk of relative muscle loss among individuals with exceeding
recommended exercise levels. Previous studies showed that

strengthening nutrition and exercise could contribute to pre-
venting and improving sarcopenia [1, 42]. This insight was
supported by the data from our study, as we observed that the
prevalence of relative muscle loss in the exceeding exercise
group was lowest among the three groups divided by physical
exercise levels. However, some vigorous exercise may cause
muscle strain, and increase oxidative injury, and accelerate pu-
rine nucleotide degradation to form uric acid [43]. These may
contribute to a strong association between SUA and sarcopenia
in excess exercise groups. Therefore, while physical exercise is
recommended, monitoring SUA levels is needed for individu-
als who regularly engage in high-intensity exercise to mitigate
skeletal muscle strain and sarcopenia risk. Additionally, among
groups classified by BMI, we observed the strongest association
between SUA levels and relative muscle loss in participants with
a BMI<25kg/m?2. In fact, some participants with low BMI may
be caused by serious medical conditions, which may be accom-
panied by muscle mass loss, cachexia, chronic inflammation
and elevated SUA levels [44, 45]. These may partly explain the
strong association in low BMI group. It is worth noting that the
low incidence of outcomes in the low BMI group may limit the
statistical accuracy of the association.

Our study possesses two noteworthy strengths. First, we lev-
eraged data from representative populations in the United
States and considered sample weights in statistical analyses,
thereby furnishing scientific and persuasive evidence in this
regard. Second, utilizing the high-quality data, we were able
to consider numerous confounders, particularly renal func-
tion related indicators, often neglected in previous studies.
However, several limitations warrant consideration. First,
given the cross-sectional design of our research, direct causal-
ity inference should be cautious. Second, the statistical power
is restricted in detecting weak or moderate differences in the
subgroup analyses, necessitating cautious interpretation of
the results, especially for subgroup results from RCS models,
as larger sample sizes are required due to the complexity of the
models. Third, relative muscle loss was used as proxies for sar-
copenia, which may not fully capture the functional aspects of
the condition. Future studies incorporating functional param-
eters would provide a more comprehensive assessment of sar-
copenia. Finally, although we have considered TEI and HEI,
purine intake was not adjusted due to the difficulty in obtain-
ing accurate and detailed food purine intake. SUA may play a
mediating role between nutrient intake and the development
of sarcopenia, which is a potentially promising direction for
future research.

In summary, this study revealed that an elevated SUA level is a
potential independent risk factor associated with relative mus-
cle loss among the US adults. Clinical screening for SUA levels
may contribute to early detection and prevention of muscle loss.
Future prospective studies are essential to explore whether re-
ducing urate-related dietary intake and managing SUA levels
can decrease the prevalence of muscle loss and sarcopenia.
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