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Highlights

Public health relevance—How does this work relate to a public health issue?

o  Low muscle mass, obesity, and low muscle mass with obesity were strongly associated
with adverse nutritional, metabolic, and inflammatory biomarkers among U.S. adults.

e Physical inactivity was associated with a higher prevalence of unfavorable body
composition phenotypes and cardiometabolic risk biomarkers.

Public health significance—Why is this work of significance to public health?

e  This study highlights the combined impact of low muscle mass and obesity on insulin
resistance and systemic inflammation in a nationally representative population.

e  The findings suggest that sufficient physical activity was associated with lower adverse
links between nutritional biomarkers and body composition abnormalities.

Public health implications—What are the key implications or messages for practitioners,
policy makers and/or researchers in public health?

e  Public health strategies promoting regular physical activity and nutritional health may
help prevent low muscle mass, obesity, and related metabolic disorders.

e  Screening nutritional and inflammatory biomarkers alongside body composition
assessment may improve early identification of individuals at risk for sarcopenic
obesity and cardiometabolic complications.

Abstract

Background: Nutritional biomarkers are linked to body composition changes, but limited
evidence has studied how nutritional biomarkers relate to low muscle mass, excess adipos-
ity, and both coexisting conditions across different physical activity levels. This study aims
to investigate associations between low muscle mass, obesity, and low muscle mass with
obesity and nutritional biomarkers across physical activity levels among U.S. adults across
physical activity levels. Methods: This cross-sectional study analyzed data from adults aged
20-59 years from the 2015-2018 cycles of the National Health and Nutrition Examination
Survey (NHANES) 2015-2018. Low muscle mass was defined by low appendicular lean
mass relative to body weight (LALM/W). Obesity was classified using body mass index
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(BMI'), waist circumference (WC?), and body fat percentage (FM%?3), and low muscle mass
with obesity was defined using three coexisting phenotypes (LALM/W-O1, LALM/W-O2,
LALM/W-0O3). Nutritional biomarkers included serum albumin, vitamin D, triglyceride,
cholesterol, LDL cholesterol, iron, insulin resistance (HOMA IR), and high-sensitivity C-
reactive protein (hs-CRP). Physical activity was categorized as inactive, insufficiently active,
or sufficiently active based on MET minutes per week. Multivariable regression models
accounted for the complex survey design and relevant covariates. Results: After adjust-
ment, LALM/W was significantly associated with low serum albumin, low vitamin D, high
triglyceride, high HOMA-IR, and high CRP. Obesity was significantly associated with low
serum albumin, low vitamin D, high triglyceride, high LDL cholesterol, high HOMA-IR,
and high CRP. LALM/W-O in all phenotypes were significantly associated with low serum
albumin, low vitamin D, high triglyceride, high LDL cholesterol, high HOMA-IR, and high
CRP. LALM/W-O phenotypes demonstrated the strongest associations, particularly with
high HOMA-IR and hs-CRP. Although the associations varied by physical activity level,
sufficiently active group was associated with lower odds of adverse nutritional biomarkers
compared with insufficient activity. Conclusions: Nutritional biomarkers are associated
with LALM/W and obesity. Sufficient physical activity was associated with fewer adverse
outcomes. This suggests that adequate physical activity may be associated with better
nutritional status and body composition.

Keywords: low muscle mass; obesity; low muscle mass with obesity; nutritional biomarker;
physical activity

1. Introduction

Sarcopenia, defined as the progressive loss of muscle mass, muscle strength, and
muscle function, is a major public health concern due to its association with a higher inci-
dence of falls, new or prolonged hospitalizations, fractures, loss of mobility and physical
function, and mortality [1]. Low muscle mass is commonly observed in younger adults [2].
The prevalence of low muscle mass was significantly elevated among the age group of
18-39 years old (from 11.3% to 14.1% [3]. Concurrently, obesity continues to be very com-
mon, contributing to metabolic disorders and chronic inflammation [4,5]. Sarcopenia and
obesity share common underlying mechanisms, including chronic low-grade inflamma-
tion, insulin resistance, oxidative stress, and hormonal alterations [6]. These overlapping
pathways emphasize the importance of examining both conditions together rather than
in isolation.

Nutrition status is an important factor of the pathogenesis process that includes muscle
metabolism, adiposity, and systemic inflammation [7,8]. Abnormal levels of nutritional
and metabolic biomarkers, including serum albumin, vitamin D, lipid profiles, insulin
resistance, and inflammatory markers, have been associated with poor muscular function,
obesity, and metabolic syndrome [8]. The presence of indicators of insulin resistance
(e.g., homeostatic model assessment for insulin resistance) has been significantly correlated
with both sarcopenia and obesity [9].

Physical activity is another contributing factor to muscle health and obesity that may
modify the link between nutritional biomarkers and body composition profiles. Physical
inactivity has been associated with muscle loss and fat accumulation, which have been
linked to sarcopenia and obesity. In turn, sarcopenia and obesity have been associated with
impaired exercise capacity and physical function, suggesting a bidirectional relationship
between these conditions [10]. Physical activity is linked with increased muscle mass,
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reduced inflammation, and improved metabolic health, while sedentary behavior leads to
muscle loss and fat gain [11]. However, limited research has examined how associations
between nutritional biomarkers and body composition phenotypes vary across physical
activity levels, particularly in nationally representative populations.

Therefore, this study aims to investigate the association between low muscle mass,
obesity, and low muscle mass with obesity among U.S. adults and nutritional biomarkers.
Furthermore, it explores whether these associations differ across levels of physical activity,
providing a more comprehensive understanding of the interaction among nutrition, body
composition, and physical activity.

2. Materials and Methods
2.1. Study Design and Population

This cross-sectional study applied data from the NHANES 2015-2018 cycles, a nation-
ally representative survey of the U.S. population conducted by the Centers for Disease
Control and Prevention. NHANES uses a complex, multistage probability sampling de-
sign to collect demographic, clinical, laboratory, and examination data. Participants aged
20-59 years with complete data on body composition, anthropometry, nutritional biomark-
ers, and physical activity were included in the analysis. Participants with fasting subsample
weights from NHANES were included in the analysis. Individuals with missing key vari-
ables were excluded.

2.2. Ethical Considerations

Ethical approval was not required for this study because it involved a secondary
analysis of publicly available de-identified data. The original NHANES protocols were
approved by the National Center for Health Statistics (NCHS) Research Ethics Re-
view Board, and written informed consent was obtained from all participants prior to
data collection.

2.3. Definition of Body Composition Phenotypes

Low muscle mass was defined as the presence of low muscle mass only, without
concomitant low muscle strength or impaired physical performance [2,12]. Muscle mass
was assessed using appendicular lean mass (ALM) obtained from dual-energy X-ray ab-
sorptiometry (DXA), adjusted for body weight (ALM/W). LALM/W was defined as
ALM/W < 28.27% for men and <23.47% for women, while values above these cutoffs were
classified as normal. This approach aligns with evidence from SO frameworks, such as
the ESPEN-EASO consensus, which emphasize muscle mass relative to body weight as a
relevant construct in adult population studies [13].

Obesity was defined using multiple criteria, including body mass index (BMI), waist
circumference (WC), and body fat percentage (FM%). Obesity was classified using BMI,
categorized as <18.5, 18.5-24.9, 25.0-29.9, and >30 kg/m?, with BMI > 30 kg/m? indicating
obesity and 18.5-24.9 classified as normal. Abdominal obesity was defined using WC, with
>102 cm for men and >88 cm for women indicating high WC, and values below these
cutoffs classified as normal. Obesity based on FM% was defined as >25% for men and >32%
for women, while values below these cutoffs were considered normal.

Low muscle mass with obesity (LALM/W-O) was defined as the coexistence of
low muscle mass and obesity. Three definitions of LALM/W-O were applied including
LALM/W-01, LALM/W-02, and LALM/W-O3.

LALM/W-01: Defined as the coexistence of low ALM/W and high BMI (>30 kg/ m?),
while those with high ALM/W and normal BMI (18.5-24.9 kg/m?) were classified
as normal.
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LALM/W-O2: Defined as the coexistence of low ALM/W and high WC, while those
with high ALM/W and low WC were classified as normal.

LALM/W-0O3: Defined as the coexistence of low ALM/W and high FM%, while
participants with high ALM/W and low FM% were considered normal.

2.4. Nutritional Biomarkers

Nutritional biomarkers were obtained from laboratory data including serum albu-
min, serum vitamin D, lipid profile (total cholesterol, low-density lipoprotein (LDL), and
triglycerides), serum iron, insulin resistance, and high-sensitivity C-reactive protein (hs-
CRP). Insulin resistance was assessed using the homeostatic model assessment for in-
sulin resistance (homeostatic model assessment for insulin resistance: HOMA-IR), cal-
culated as fasting insulin (uU/mL) multiplied by fasting glucose (mmol/L) divided by
22.5 [14]. These biomarkers were selected to reflect nutritional status, metabolic health, and
systemic inflammation.

Nutritional biomarkers were classified using cutoffs consistent with NHANES pro-
tocols and U.S. clinical guidelines: serum albumin < 3.5 g/dL indicating hypoalbumine-
mia [15]; vitamin D (25-hydroxyvitamin D) < 20 ng/mL indicating deficiency [16]; total
cholesterol > 200 mg/dL [17], triglycerides > 150 mg/dL [18], and LDL > 100 mg/dL [19]
indicating adverse lipid profiles; serum iron < 60 pg/dL indicating iron deficiency [20];
insulin resistance defined as HOMA-IR > 2.5 [21]; and hs-CRP > 3 mg/L indicating high
inflammatory risk according to cardiovascular risk stratification criteria [22].

2.5. Physical Activity Levels

Physical activity data were collected through interviewer-administered question-
naires in NHANES. Participants reported the frequency and duration of moderate and
vigorous recreational activities. Total physical activity was calculated as metabolic equiv-
alent (MET)-minutes per week based on self-reported frequency (days/week) and du-
ration (minutes/day) of moderate and vigorous intensity from both work-related and
recreational (leisure-time) domains which were collected in the NHANES. Moderate and
vigorous activities were assigned MET values of 4.0 and 8.0, respectively [23], and total
MET-minutes per week were computed by summing the products of frequency, duration,
and corresponding MET values. MET-minutes per week was categorized into three lev-
els: inactive (0 MET-min/week), insufficiently active (1-599 MET-min/week), and active
(>600 MET-min/week), based on recommendations from the World Health Organization.
Extreme data of total physical activity were truncated at 11,520 MET-min/week to minimize
potential overestimation. This threshold was derived from established physical activity
data processing guidelines, which recommend a maximum of 960 min per week per activity

type [24].

2.6. Statistical Analysis

The complex survey design of NHANES was accounted for in all analyses by incor-
porating sampling weights, strata, and primary sampling units, and fasting subsample
weights were applied for analyses involving fasting laboratory biomarkers in accordance
with NHANES analytical guidelines. Statistical analyses were performed using IBM SPSS
Statistics for Windows, Version 29.0 (IBM Corp., Armonk, NY, USA). For analyses com-
bining the 2015-2016 and 2017-2018 cycles, 4-year sample weights were constructed by
dividing the 2-year sample weights by two. Nominal and ordinal data were analyzed
using Complex Samples Frequencies, whereas continuous variables were analyzed using
Complex Samples Descriptive statistics. Variables are presented as weighted estimates
(Est) with standard errors (SE) derived from the complex sampling design. Continuous
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variables are reported as survey-weighted means, while categorical variables are presented
as survey-weighted percentages (%).

Multivariable Complex Sample Logistic Regression Models were used to observe the
associations between body composition phenotypes (LALM/W, obesity, and LALM/W-O)
and nutritional biomarkers. Formal interaction analyses were conducted by including
interaction terms between body composition phenotype and physical activity level. Po-
tential confounders were selected based on the prior literature which included age, sex,
race/ethnicity, educational level, smoking status, alcohol consumption, and multimorbidity
(diabetes, thyroid problem, cancer or malignancy, liver condition, hypertension, coronary
heart disease, heart attack, congestive heart failure, stroke, asthma, COPD, arthritis, and
kidney problem).

Analyses were stratified by physical activity levels to examine potential effect modifi-
cation. Adjusted models controlled for relevant covariates. Results were reported as odds
ratios (ORs) with 95% confidence intervals (Cls), and statistical significance was defined as
a two-sided p-value < 0.05.

3. Results

The participant selection process is shown in Figure 1. From 19,225 NHANES
2015-2018 participants, 4720 participants met the initial eligibility criteria after exclu-
sion for age and missing DXA or anthropometric data. After excluding participants with
incomplete laboratory or physical activity data, 4609 participants were included in the
analytic sample, of whom 1723 had complete fasting biomarker data.

Excluded: Age < 20 years, Missing data

Initial participants from of DXA and anthropometry,

NHANES 2015-2018 —
N = 19,225

Remaining participants

n=4720

v

Excluded: Missing data of standard
laboratory and physical activity,

Final analytic participants with
— complete fasting biomarker data,

Remaining participants
&P P n=1723

n =4609

Figure 1. Flowchart of participant selection for the NHANES 2015-2018 study population.

The weighted sociodemographic, lifestyle, health-related, and dietary characteristics
of 1723 U.S. adults from NHANES 2015-2018 according to physical activity levels (Table 1).

Overall, participants were similarly distributed between the two age groups, with
49.7% aged 20-39 years and 50.3% aged 40-59 years. The sufficiently active group had a
higher proportion of younger adults aged 20-39 years (52.3%), whereas inactive group was
more likely to be aged 40-59 years (55.5%), suggesting lower physical activity participation
with increasing age. Women represented a greater proportion of the total sample (55.2%).
Regarding race/ethnicity, non-Hispanic White participants show the largest proportion
of the study population (58.1%). Socioeconomic differences were also observed. Partic-
ipants with higher annual household income were more represented in the sufficiently
active group (86.2%) than in the inactive group (79.7%). Similarly, individuals with lower
education were more common in the inactive group (20.4%), while higher education was
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more prevalent among sufficiently active adults (39.7%). Smoking prevalence was highest
among inactive adults (29.3%) and alcohol consumption was also higher in the inactive
group (15.1%). Increased multimorbidity was most common among inactive adults (24.8%)
and lowest among sufficiently active adults (19.2%). Mean energy intake was highest
among sufficiently active adults (2103.6 kcal/day) and a similar trend was observed for
carbohydrate intake.

Table 1. Weighted characteristics among U.S. adults in the NHANES study:.

Characteristic (%) Total Inactive Insufficient Sufficient

(N =1723) (n =512) (n =163) (n = 1048)
Est SE Est SE Est SE Est SE
Age 20-39 49.7 1.9 445 2.8 44.0 5.0 52.3 2.6
40-59 50.3 1.9 55.5 2.8 56.0 5.0 47.7 2.6
Sex Men 44.8 1.5 35.6 2.7 46.3 5.4 48.0 2.0
Women 55.2 1.5 64.4 2.7 53.7 54 52.0 2.0
Race Mexican American 10.7 2.0 14.8 2.8 9.6 2.5 9.3 1.9
Other Hispanic 8.6 1.1 12.3 24 6.8 1.8 7.4 1.1
Non-Hispanic White 58.1 3.0 47.8 4.6 58.3 5.7 61.9 3.2
Non-Hispanic Black 10.2 1.4 12.3 2.3 10.6 2.1 94 1.4
Non-Hispanic Asian 7.8 1.0 9.5 1.6 13 2.7 6.4 1.0
Other Race 4.6 0.9 3.3 0.9 1.7 1.0 5.5 1.1
I Income <$20,000 10.8 0.8 15.1 1.5 11.3 3.8 9.2 0.9
>$20,000 84.4 1.1 79.7 2.1 84.7 34 86.2 1.2
Alcohol Yes 11.7 1.2 15.1 2.1 7.7 2.1 11.0 1.6
No 74.3 1.7 66.4 2.6 77.3 4.1 76.8 2.1
Smoke Yes 25.0 1.8 29.3 3.1 18.6 3.7 24.3 2.2
No 70.8 1.8 66.4 3.3 78.1 3.7 71.4 22
Education = Low (<High school) 11.2 14 204 24 7.5 2.0 8.4 1.3
Medium 52.2 24 53.9 3.1 494 4.7 51.9 3.1
High (>College) 36.6 3.0 25.6 35 43.1 4.7 39.7 3.6
Marriage  Married/Partnered 62.9 2.0 62.9 3.2 63.4 5.0 62.8 2.5
Previously married 12.6 14 16.2 2.3 9.8 2.3 11.6 1.6
Never married 24.6 1.7 20.9 2.6 26.8 49 25.6 2.2
Morbidity 0 disease 52 1.9 47.6 3.1 62.2 6.1 52.3 2.1
<2 diseases 27.6 1.3 27.6 2.2 20.5 43 28.5 1.7
>2 diseases 20.4 1.6 24.8 2.1 17.3 4.6 19.2 2.0
Energy Mean (kcal) * 2055.9 26.3 1943.9 42.6 2011.6 67.8 2103.6 33.2
2 Carb Mean (g) * 240.0 3.3 233.4 5.8 234.0 9.6 243.3 49

! Income = Annual household income. 2 Carb = Carbohydrate. * This variable is based on an unweighted sample
of n = 1416.

Table 2 presents the weighted distribution of body composition phenotypes and
nutritional biomarkers according to physical activity levels. Overall, 28.7% of participants
had LALM/W, with a higher prevalence among inactive (37.5%) and insufficiently active
adults (35.5%) compared with sufficiently active adults (24.5%).

Based on BMI, 37.1% of participants were classified as obesity (BMI > 30 kg/m?). Obe-
sity prevalence was higher in the inactive (39.1%) and insufficiently active groups (39.6%)
than in the sufficiently active group (36.0%). Using WC criteria, 51.3% of participants had
central obesity, with the highest prevalence in inactive adults (57.1%). High FM% was
more prevalent among inactive (84.7%) and insufficiently active adults (82.7%) than in the
sufficiently active group (69.3%).
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Table 2. Weighted distribution of body composition phenotypes and nutritional biomarkers according
to physical activity level among U.S. adults in NHANES (N = 1723).

Characteristic

Total Inactive Insufficient Sufficient
(N =1723) (n =512) (n =163) (n =1048)
Est SE Est SE Est SE Est SE

Body composition

ALM/W (<28.27% for men, Low 287 22 375 34 355 53 245 25
<23.47% for women) High 713 22 625 34 645 53 755 25
<185 24 05 28 10 26 17 22 06
185249 311 18 271 24 279 50 330 25
- 2

BMI (obesity = 30 kg/m?) 25-29.9 294 14 310 34 298 47 288 17
>30 371 21 391 31 396 51 360 26
WC (>102 cm for men, Low 487 24 429 34 484 47 509 28
>88 cm for women) High 513 24 571 34 516 47 491 28
FM% (>25% for men, Low 257 21 153 21 173 30 307 29
>32% for women) High 743 21 847 21 87 30 693 29
LALM/W-O1 LALM/W-O1 196 17 229 29 212 52 182 20
(L ALM/W and H BMI) Normal 276 17 210 25 202 35 311 25
LALM/W-02 LALM/W-02 245 20 313 36 265 47 217 22
(L ALM/W and H WC) Normal 46 25 367 34 394 47 482 31
LALM/W-03 LALM/W-O3 287 22 375 34 355 53 245 25
(L ALM/W and H FM%) Normal 257 21 153 21 173 30 307 29

Nutritional biomarkers
Albumin Low 15 04 14 05 08 05 17 06
(<35g/dL) High 985 04 986 05 992 05 983 06
Vitamin D Low 253 19 313 29 391 48 213 20
(<20 ng/m) High 747 19 687 29 609 48 787 20
Triglyceride Low 737 15 708 23 642 53 760 22
(>150 mg/dL) High 263 15 292 23 358 53 240 22
Cholesterol Low 612 14 566 29 617 47 628 21
(>200 mg/dL) High 388 14 434 29 383 47 372 21
LDL cholesterol Low 371 16 311 23 386 43 391 20
(>100 mg/dL) High 629 16 689 23 614 43 609 20
Low 203 11 251 26 211 27 184 17
fron (<60 pg/dL) High 797 11 749 26 789 27 816 17
Low 570 19 513 26 514 53 599 25
HOMA-IR (22.5) High 430 19 487 26 486 53 401 25
Low 692 18 624 26 768 45 706 23
hs-CRP (>3 mg/L) High 308 18 376 26 232 45 294 23

Abbreviations: ALM/W: Appendicular lean mass per weight, BMI: Body mass index, FM%: Body fat percentage,
H: High, HOMA-IR: Homeostasis Model Assessment of Insulin Resistance, hs-CRP: High-sensitivity C-Reactive
Protein, LDL: Low-Density Lipoprotein, L: Low, LALM/W-O: Low appendicular lean mass per weight with
obesity, WC: Waist circumference.

Individuals with LALM/W-O1 (low ALM/W with high BMI) were observed at 19.6%
overall and was highest among inactive adults (22.9%). LALM/W-02 (low ALM/W with
high WC) was 24.5% overall, with the highest prevalence in the inactive group (31.3%).
LALM/W-O3 (low ALM/W with high FM%) affected 28.7% overall and was more common
in inactive adults (37.5%).
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Regarding nutritional biomarkers, low serum albumin was uncommon overall (1.5%).
Vitamin D deficiency affected 25.3% overall and was most prevalent among insufficiently
active adults (39.1%). Higher triglycerides were present at 26.3% overall, with the highest
prevalence in the insufficiently active group (35.8%). High total cholesterol affected 38.8%
overall and was most common among inactive adults (43.4%). Higher LDL cholesterol
was present at 62.9% overall, with the highest prevalence in the inactive group (68.9%).
Low serum iron was observed in 20.3% overall and was more common among inactive
adults (25.1%). Insulin resistance (HOMA-IR > 2.5) affected 43.0% overall and was more
prevalent among inactive adults (48.7%). High hs-CRP was observed in 30.8% overall and
was highest among inactive adults (37.6%).

Table 3 presents crude (Model 1) and fully adjusted (Model 2) odds ratios (ORs)
with 95% confidence intervals (Cls) for the association between LALM/W and adverse
nutritional, metabolic, and inflammatory biomarkers according to physical activity level
(inactive, insufficiently active, and sufficiently active). Model 2 was adjusted for covari-
ates. Formal interaction analyses were conducted to evaluate whether the associations
between body composition phenotypes and nutritional biomarkers differed according to
physical activity level (Table S1). Significant interactions with physical activity level were
observed for BMI-defined obesity and LALM/W-O1 in relation to albumin, triglycerides,
total cholesterol, LDL cholesterol, iron, and hs-CRP (all p-interaction < 0.001). In addi-
tion, significant interactions were observed between WC-defined obesity and albumin
(p-interaction < 0.001), FM%-defined obesity and LDL cholesterol (p-interaction < 0.001),
between LALM/W-02 and albumin, iron, and HOMA-IR (p-interaction < 0.05), and be-
tween LALM/W-O3 and LDL cholesterol (p-interaction = 0.02). These findings indicate that
the associations between these body composition phenotypes and nutritional biomarkers
varied according to physical activity level. No significant interactions were observed for
vitamin D, and most other phenotype-biomarker combinations showed no evidence of
effect modification by physical activity level.

In the total study population (n = 1723), LALM/W was significantly associated with
greater odds of low albumin, low vitamin D, high triglycerides, high HOMA-IR, and high
hs-CRP, with adjusted ORs ranging from 1.6 to 3.5. The associations for total cholesterol
and LDL cholesterol were associated with lower after adjustment and were no longer
statistically significant. However, the findings for low albumin should be interpreted
cautiously due to the very low prevalence of hypoalbuminemia (1.5%).

Among inactive adults, LALM/W was significantly associated with low albumin in
the crude model (OR = 4.4, 95% CI: 1.3-15.4), although this association was lower after
full adjustment. LALM/W was associated high total cholesterol within the crude model
(OR = 1.7, 95% CI: 1.6-2.5) but no longer remained significant in the adjusted model.
Participants with LALM/W had higher odds of higher HOMA-IR in the unadjusted model
(OR =1.9,95% CI: 1.2-3.1), but this association was not retained after adjustment. LALM/W
remained significantly associated with high hs-CRP even after full adjustment (OR = 2.2,
95% CI: 1.1-4.4).

Among insulfficiently active adults, most associations were not significant, likely due to
the smaller sample size. However, LALM/W showed a strong and independent association
with higher HOMA-IR after adjustment (OR = 10.1, 95% CI: 3.8-27.2). Other biomarkers,
including albumin, vitamin D, lipids, iron, ferritin, and hs-CRP, were not significantly
associated after multivariable adjustment.
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Table 3. Crude and adjusted odds ratios (ORs) with 95% confidence intervals for LALM/W associated
with nutritional biomarkers.

Nutritional T . Insufficiently Sufficiently
) otal Inactive . .
Biomarkers (a = 1723) (n = 512) Active Active
(1 =Model 1, (n =163) (n = 1048)
2 = Model 2) OR 95% CI OR 95% CI OR 95% CI OR 95% CI
L Albumin 1 5.3* 1.6-17.8 44* 1.3-154 5.6 0.4-70.8 6.1% 1.4-27.0
2 3.0%* 1.1-8.7 6.2 0.8-49.1 NE NE 46* 1.9-11.2
L Vitamin D 1 1.2 0.9-1.7 0.7 0.5-1.0 0.9 0.3-2.6 1.6* 1.0-25
2 16* 1.1-24 0.9 0.5-1.6 1.6 0.5-5.1 2.1% 1.3-3.3
H Triglyceride 1 l16* 1.2-2.2 1.5 0.9-2.6 0.6 0.3-1.4 19* 1.4-2.7
2 1.8* 1.3-2.6 1.1 0.6-2.0 1.7 0.6-4.9 24% 1.5-3.9
H Cholesterol 1 1.4* 1.1-1.9 1.7* 1.2-2.5 1.9 0.9-4.2 1.2 0.8-1.9
2 1.1 0.8-1.6 1.2 0.8-2.0 1.2 04-34 1.0 0.6-1.5
HLDL 1 15* 1.1-2.0 1.2 0.8-1.7 1.5 0.5-4.5 1.5 1.0-24
2 1.3 0.9-1.9 1.0 0.6-1.8 1.2 0.3-4.4 1.4 0.9-2.1
L Iron 1 1.9* 1.4-2.6 1.4 0.9-2.4 24 0.9-7.0 20* 1.3-3.2
2 1.3 0.9-1.9 1.3 0.7-2.3 1.2 0.3-4.6 1.3 0.8-2.2
H HOMA-IR 1 33* 2.3-4.6 19* 1.2-3.1 32* 1.2-9.1 4.1% 2.7-6.3
2 35% 2.3-5.2 1.5 0.9-2.6 10.1* 3.8-27.2 46* 2.7-7.7
H hs-CRP 1 44% 34-5.8 2.7% 1.4-5.1 45 1.7-12.0 57* 4.0-8.0
2

32* 2345 22* 1144 3.7 0.8-17.2 41* 2.7-6.3

Abbreviations: H: High, HOMA-IR: Homeostasis Model Assessment of Insulin Resistance, hs-CRP: High-
sensitivity C-Reactive Protein, L: Low, LDL: Low-Density Lipoprotein, NE: Not estimable (Certain estimates were
not estimable because of small sample sizes in specific subgroups, limiting statistical analysis). Note: Model
1 = Unadjusted model, Model 2 = Fully adjusted for all covariates (Age, Sex, Race, Education, Marital status,
Annual income, Alcohol, Smoke, Multimorbidity, Energy intake, Carbohydrate). * Significant if 95% CI does not
include 1.0.

Among sufficiently active adults, LALM/W associated with several biomarkers re-
mained significant after adjustment. LALM/W was associated with low albumin (OR = 4.6,
95% CI: 1.9-11.2), low vitamin D (OR = 2.1, 95% CI: 1.3-3.3), high triglycerides (OR = 2.4,
95% CI: 1.5-3.9), high HOMA-IR (OR = 4.6, 95% CI: 2.7-7.7), and high hs-CRP (OR = 4.1,
95% CI: 2.7-6.3).

Table 4 shows the associations of obesity phenotypes with nutritional, metabolic, and
inflammatory biomarkers. In the total study population (n = 1723), all obesity phenotypes
were significantly associated with greater odds of high triglycerides, high LDL cholesterol,
high HOMA-IR, and high hs-CRP, with adjusted ORs ranging from 1.7 to 16.9. Obesity,
defined by high BMI and high WC, were significantly associated with low albumin and
low vitamin D after adjustment, but not with obesity defined by high FM%. Odds ratios for
low albumin could not be estimated in FM% phenotypes, possibly because of the very low
prevalence of hypoalbuminemia (1.5%), resulting in insufficient cases for stable estimation.

Across all physical activity groups, participants with BMI-defined obesity had sub-
stantially higher odds of insulin resistance (high HOMA-IR). In the fully adjusted model,
obesity was associated with high HOMA-IR in inactive group (OR = 18.2, 95% CI: 8.7-38.1),
insufficiently active group (OR = 43.2, 95% CI: 7.8-237.4), and sufficiently active group
(OR = 15.1, 95% CI: 8.1-28.3) compared with normal BMI (18.5-24.9 kg/m?). High BMI was
also associated with increased hs-CRP in inactive group (OR = 6.8, 95% CI: 3.2-14.4) and
sufficiently active group (OR = 8.4, 95% CI: 4.7-14.8). Similarly, Vitamin D deficiency was
more common among participants with high BMI and insufficiently active and sufficiently
active participants. Participants with high BMI had higher odds of hypertriglyceridemia in
inactive and sufficiently active groups.
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Participants with high WC had significantly higher odds of high HOMA-IR across all
activity groups. High WC was also associated with increased odds of high hs-CRP and
high triglycerides, particularly among inactive and sufficiently active adults.

Table 4. Crude and adjusted odds ratios (ORs) with 95% confidence intervals for obesity (high BMI,
WC, and FM%) associated with nutritional biomarkers.

ll;I.utriticl)(nal Total Inactive Insfft(i:ieently Sugiciiiireltly
a ‘:‘;‘E d:ﬁ, (n =1723) (n = 512) (n = 163) (n = 1048)
2 = Model 2) OR 95% CI OR 95% CI OR 95% CI OR 95% CI
High BMI
L Albumin 1 7.9*% 2.3-26.4 4.3 0.8-22.9 NE NE 9.8 * 1.9-50.6
2 4.4% 1.2-15.7 2.2 0.4-12.0 NE NE 73% 1.3-39.6
L Vitamin D 1 2.1* 1.5-3.0 0.9 0.5-1.8 2.8 1.0-8.3 29* 1944
2 2.3* 1.6-3.2 1.1 0.5-2.4 46* 1.1-19.9 3.1*% 2.04.8
H Triglyceride 1 5.6* 3.7-8.6 4.8* 2.2-10.3 3.9* 1.2-134 6.4* 3.7-11.0
2 53* 3.3-8.4 4.7 % 2.1-10.4 3.0 0.6-14.6 59* 3.3-10.7
H Cholesterol 1 1.3 0.9-2.1 1.5 0.8-3.0 2.3 0.8-6.5 1.2 0.7-2.1
2 1.3 0.8-2.1 1.1 2.5-2.5 2.3 0.7-8.1 1.1 0.6-2.2
HLDL 1 2.0* 1.4-2.9 19* 1.0-3.5 3.3* 1.3-8.0 19* 1.2-3.0
2 19* 1.3-2.9 1.8 0.8-3.7 2.3 0.8-7.3 1.7 % 1.0-3.0
L Iron 1 19* 1.3-2.8 1.6 0.8-3.1 2.9 0.8-10.1 19* 1.2-3.2
2 2.0* 1.3-3.2 1.7 0.8-3.6 9.0* 1.4-59.2 2.0* 1.1-3.8
H HOMA-IR 1 16.8 * 10.5-26.8 159 * 8.8-28.9 320* 5.7-178.0 159 * 8.9-28.2
2 16.9 * 9.6-29.6 18.2 * 8.7-38.1 43.2% 7.8-237.4 15.1* 8.1-28.3
H hs-CRP 1 8.3*% 5.6-12.5 8.1*% 4.2-15.4 1.6 0.3-7.3 10.9 * 6.1-19.4
2 6.5* 4.1-10.2 6.8% 3.2-14.4 1.7 0.4-8.3 84* 4.7-14.8
High WC
L Albumin 1 13.5* 3.9-47.2 4.6 0.9-25.0 NE NE 21.0*  3.8-116.1
2 5.6* 1.4-21.8 14 0.3-7.2 49 0.3-69.6 11.8* 1.9-73.0
L Vitamin D 1 1.4 0.9-1.9 0.9 0.5-14 1.4 0.6-3.6 16* 1.1-24
2 1.7 % 1.2-2.4 1.2 0.7-2.2 2.7 0.8-9.3 19* 1.3-2.9
H Triglyceride 1 2.3* 1.8-3.1 1.8*% 1.1-3.1 2.2 0.9-5.4 2.6* 1.7-3.8
2 2.8* 2.0-3.9 2.0* 1.2-3.6 3.3 0.8-13.7 3.0%* 2.0-4.7
H Cholesterol 1 1.6* 1.2-2.2 1.6* 1.1-25 25* 1.0-6.1 15*% 1.0-2.3
2 14 0.9-2.0 1.3 0.7-2.6 1.9 0.7-5.2 1.3 0.8-2.2
HLDL 1 1.8*% 1.4-2.3 14 0.9-2.1 2.1* 1.1-4.0 19* 1.3-2.6
2 1.7 % 1.3-2.2 1.6 0.8-3.1 1.6 0.64.0 1.7 % 1.2-24
L Iron 1 1.9* 14-2.7 1.9* 1.0-3.6 40* 1.4-11.7 1.7 * 1.1-2.8
2 1.5 0.9-24 1.4 0.6-3.1 51* 1.1-23.1 1.4 0.8-2.7
H HOMA-IR 1 7.1% 5.1-9.9 51* 3.6-7.4 73% 3.2-16.9 8.0% 5.2-12.1
2 9.1* 6.5-12.8 5.7* 3.6-9.0 12.8 * 3.7-44.4 11.1* 7.1-17.3
H hs-CRP 1 54* 41-7.1 54* 3.0-95 2.2 0.7-6.9 6.0* 4.1-8.8
2 42% 3.0-5.7 4.4% 2.5-7.8 1.8 0.5-6.7 4.8* 3.2-7.1
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Table 4. Cont.

II;T.utriti(I)(nal Total Inactive Insf;ﬁtiiintly Suifictiic:,r;tly
a li’fli‘ﬁd:fi (n =1723) (n =512) (n = 163) (0 = 1048)
2 = Model 2) OR 95% CI OR 95% CI OR 95% CI OR 95% CI
High FM%

L Albumin 1 NE NE NE NE NE NE NE NE

2 NE NE NE NE NE NE NE NE
L Vitamin D 1 14 0.8-2.5 0.7 0.4-1.3 14 0.4-5.5 1.6 0.9-2.8
2 1.7 0.9-3.3 1.2 0.5-3.0 2.1 0.6-7.9 1.7 0.9-3.3
H Triglyceride 1 35*% 2.5-49 22* 1.2-39 3.4 0.9-12.3 3.7*% 2.4-5.8
2 42* 2.7-6.6 3.0* 14-64 13.7 * 2.7-69.6 3.7*% 2.2-6.4
H Cholesterol 1 l6* 1.1-23 1.6 0.7-3.6 29* 1.0-8.5 1.5 0.9-2.5
2 1.4 0.8-2.3 1.1 0.4-3.6 42* 1.2-15.3 1.3 0.6-2.6
HLDL 1 22* 1.5-3.2 14 0.7-2.7 49* 2.2-10.9 22* 14-35
2 23* 1.6-3.3 1.2 0.6-2.4 9.6 * 3.5-26.4 2.3*% 1.4-3.6
L Iron 1 14 0.9-2.1 2.1* 1.2-3.8 2.0 0.5-7.7 1.2 0.7-2.0
2 1.1 0.6-1.8 1.7 0.7-4.0 2.5 0.4-13.5 0.9 0.4-1.8
H HOMA-IR 1 8.2% 5.5-12.3 8.3*% 4.5-15.3 74% 2.0-28.1 8.1*% 4.8-13.8
2 104 * 6.2-17.6 12.4* 5.4-28.1 16.5* 3.3-83.1 10.0* 5.2-18.9
H hs-CRP 1 7.1% 4.4-11.5 6.3% 3.4-11.8 299*  3.5-256.6 7.0* 3.6-13.6
2 5.7* 3.1-10.5 71% 3.1-16.2 13.5* 1.3-142.5 5.5*% 2.5-12.3

Abbreviations: H: High, HOMA-IR: Homeostasis Model Assessment of Insulin Resistance, hs-CRP: High-
sensitivity C-Reactive Protein, L: Low, LDL: Low-Density Lipoprotein, NE: Not estimable (Certain estimates were
not estimable because of small sample sizes in specific subgroups, limiting statistical analysis). Note: Model
1 = Unadjusted model, Model 2 = Fully adjusted for all covariates (Age, Sex, Race, Education, Marital status,
Annual income, Alcohol, Smoke, Multimorbidity, Energy intake, Carbohydrate). * Significant if 95% CI does not
include 1.0.

Participants with high FM% had markedly higher odds of high HOMA-IR and high
hs-CRP across all physical activity levels. Associations with high triglycerides and LDL
cholesterol were also observed, especially among sufficiently active adults.

Table 5 shows the associations between three definitions of LALM/W-0O1-3 and ad-
verse nutritional, metabolic, and inflammatory biomarkers according to physical activity
level. In the total study population (n = 1723), all LALM/W-O phenotypes were sig-
nificantly associated with greater odds of low vitamin D, high triglycerides, high LDL
cholesterol, high HOMA-IR, and high hs-CRP, with adjusted ORs ranging from 1.8 to 42.1.
LALM/W-O phenotypes, defined by high BMI and high WC, were significantly associated
with low albumin after adjustment but could not be estimated in FM% phenotypes.

Among inactive adults, LALM/W-O1 was strongly associated with high HOMA-IR
and high hs-CRP. In the fully adjusted model, participants with LALM/W-O1 had higher
odds of high HOMA-IR (OR = 16.3, 95% CI: 6.1-43.3) and high hs-CRP (OR = 9.4, 95%
CI: 3.6-24.7). High triglyceride also remained significantly associated with this group.
Among insufficiently active adults, LALM/W-0O1 showed the strongest association with
high HOMA-IR. Low vitamin D and high triglycerides were also more common in this
group. However, the confidence intervals were wide, likely because the subgroup sample
size was small. Among sufficiently active adults, LALM/W-O1 remained significantly
associated with multiple adverse biomarkers. Participants with LALM/W-O1 had 26.0-fold
higher odds of elevated HOMA-IR and 15.2-fold higher odds of high hs-CRP. In addition,
significant associations with high triglyceride and vitamin D deficiency were observed.

Among inactive adults, LALM/W-O2 was independently associated with high HOMA-
IR (OR = 5.2) and high hs-CRP (OR = 6.0). Among insufficiently active adults, LALM/W-02
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showed an extremely strong association with insulin resistance (OR = 84.4). Although
some additional biomarkers showed higher odds, statistical precision was limited due
to a smaller sample size. Among sufficiently active adults, LALM/W-O2 remained
strongly associated with high HOMA-IR (OR = 20.1) and high hs-CRP (OR = 9.2). Signifi-
cant associations with low vitamin D, high triglycerides and high LDL cholesterol were
also observed.

Table 5. Crude and adjusted odds ratios (ORs) with 95% confidence intervals for LALM/W-O1-3
(low ALM/W with high BMI or WC, or FM%) associated with nutritional biomarkers.

Nutritional Total Inactive Ins‘:?tﬁintly Suiiliir;ﬂy
Biomarkers (n =1723) (n =512) (n = 163) (n = 1048)
OR 95% CI OR 95% CI OR 95% CI
LALM/W-O1 (Low ALM/W + High BMI)
L Albumin 1 421*  4.4-405.1 NE NE NE NE 35.7*%  3.7-3432
2 195* 1.9-2024 NE NE NE NE 252*  2.8-230.0
L Vitamin D 1 21* 1.3-3.4 0.7 0.3-14 27 0.8-9.0 3.0% 1.8-5.1
2 28* 1.7-4.5 0.9 04-2.1 50* 1.1-224 41* 2.3-7.2
H Triglyceride 1 75% 4.7-12.2 6.5*% 2.9-14.7 3.5 0.6-20.1 8.3 % 4.2-16.4
2 8.2*% 4.5-14.7 46* 1.8-11.5 7.2% 1.3-40.1 10.8 * 4.5-26.0
H Cholesterol 1 1.6 0.9-2.5 1.8 0.84.0 3.6% 1.1-11.5 1.3 0.7-2.5
2 1.3 0.7-2.4 1.3 0.5-3.4 22 0.4-11.0 1.1 0.5-2.2
HLDL 1 24* 1.4-3.8 1.7 0.8-3.4 4.2 0.8-21.7 23*% 1.3-4.2
2 22*% 1.3-3.7 1.6 0.6-3.9 2.5 0.4-15.0 21* 1.1-3.9
L Iron 1 24 1.7-3.5 1.8 0.9-3.3 2.8 0.6-13.2 26* 1.4-4.7
2 20* 1.3-3.2 1.8 0.9-3.6 34 0.5-214 2.0 1.04.3
H HOMA-IR 1 233* 11.9-457 179* 7.3-43.7 49.9* 7.1-348.6 22.7% 9.9-52.3
2 249* 10.7-57.8  16.3* 6.1-43.3  151.8*  22.8-1009.7  26.0* 9.3-72.2
H hs-CRP 1 l6.6*  10.0-275 11.2*% 5.3-23.5 6.7 % 1.0-46.3 21.6* 112414
2 11.4* 6.4-20.2 94* 3.6-24.7 52 0.6-43.9 15.2* 7.5-30.4
LALM/W-02 (Low ALM/W + High WC)
L Albumin 1 34.6*  6.4-188.6 NE NE NE NE 314*  5.6-1754
2 12.2* 2.2-67.3 NE NE NE NE 18.3*  2.7-125.0
L Vitamin D 1 1.4 0.9-2.2 0.7 0.4-1.2 1.3 0.4-3.8 1.9* 1.2-3.1
2 2.1* 1.3-3.4 1.2 0.52.5 3.0 0.6-13.9 2.8* 1.64.8
H Triglyceride 1 25* 1.8-3.5 20*% 1.0-3.9 1.1 0.3-3.7 3.0* 1.9-4.7
2 3.4* 2.2-5.2 1.8% 0.8-3.7 6.8 1.0-47.8 43* 24-77
H Cholesterol 1 1.8% 1.2-2.6 20* 1.2-3.3 3.2* 1.2-8.3 1.5 0.9-2.6
2 1.4 0.8-2.3 1.4 0.7-3.0 1.9 0.5-6.6 1.2 0.6-2.2
HLDL 1 19* 1.3-2.8 1.5 0.9-2.3 21 0.7-6.9 20* 1.3-3.3
2 1.8* 1.2-2.7 1.4 0.6-2.9 1.6 0.3-7.6 19% 1.2-3.0
L Iron 1 25*% 1.7-3.6 21* 1.2-3.7 51* 1.3-19.7 24* 1.4-4.1
2 1.7* 1.1-2.7 1.7 0.9-3.3 2.4 0.6-10.6 1.6 0.8-3.2
H HOMA-IR 1 94* 6.2-14.2 51*% 3.4-7.6 15.7 * 5.1-48.0 11.3* 6.4-20.1
2 144> 8.8-23.7 52*% 2.9-9.5 84.4% 18.9-377.2 20.1% 9.9-40.7
H hs-CRP 1 9.9* 7.1-13.8 72*% 3.6-14.5 6.0 % 1.5-24.3 12.4* 7.9-19.4
2 7.2% 4.9-10.8 6.0 % 2.8-12.9 4.8 0.8-28.4 9.2* 5.6-15.0
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Table 5. Cont.

Nutritional Total Inactive Insf;ﬁtﬁintly Suifﬁ;t::tly
Bi‘;lf:a‘r‘l’(‘;js (n =1723) (n = 512) (n = 163) (n = 1048)
OR 95% CI OR 95% CI OR 95% CI
LALM/W-03 (Low ALM/W + High FM%)
L Albumin 1 NE NE NE NE NE NE NE NE
2 NE NE NE NE NE NE NE NE
L Vitamin D 1 1.5 0.8-2.3 0.6 0.3-1.2 1.3 0.3-5.9 1.9* 1.0-3.7
2 22% 1.1-4.7 1.1 0.4-3.3 2.8 0.6-14.6 27*% 1.3-5.6
H Triglyceride 1 3.8*% 2.6-5.6 25% 1.2-5.1 21 0.5-9.0 45* 2.8-7.3
2 53* 3.1-9.2 29*% 1.2-7.0 19.8* 1.6-239.8 58* 2.9-11.6
H Cholesterol 1 1.8*% 1.2-2.7 2.0 0.9-4.6 3.8* 1.2-114 1.5 0.8-2.9
2 14 0.8-2.5 1.3 04-4.3 41 0.9-19.0 1.2 0.5-2.7
HLDL 1 23* 1.6-3.5 14 0.7-2.8 4.7* 1.6-13.9 24* 1.4-4.1
2 24* 1.5-3.8 1.2 0.5-2.9 8.6% 2.3-327 24* 1.4-4.2
L Iron 1 21 1.5-2.9 24* 1.3-45 3.0 0.7-13.8 1.9* 1.1-3.2
2 1.3 0.8-2.1 1.9 0.74.9 2.6 0.5-12.9 1.1 0.5-24
H HOMA-IR 1 12.5* 8.0-19.4 9.6* 4.9-18.7 12.0* 2.5-57.7 14.0* 8.0-24.5
2 19.6*  10.7-36.1  129*% 51-323  150.0* 16.5-13664  23.1*  11.0-48.8
H hs-CRP 1 13.5* 8.2-22.3 9.3*% 4.0-21.7 53.9 % 5.7-506.4 15.8* 7.7-32.3
2

10.2 % 5.3-19.6 10.0 * 3.8-26.0 34.8 % 2.2-540.6 11.9* 4.9-28.9

Abbreviations: H: High, HOMA-IR: Homeostasis Model Assessment of Insulin Resistance, hs-CRP: High-
sensitivity C-Reactive Protein, L: Low, LDL: Low-Density Lipoprotein, NE: Not estimable (Certain estimates were
not estimable because of small sample sizes in specific subgroups, limiting statistical analysis). Note: Model
1 = Unadjusted model, Model 2 = Fully adjusted for all covariates (Age, Sex, Race, Education, Marital status,
Annual income, Alcohol, Smoke, Multimorbidity, Energy intake, Carbohydrate). * Significant if 95% CI does not
include 1.0.

Among inactive adults, LALM/W-O3 was significantly associated with high HOMA-
IR (OR = 12.9) and high hs-CRP (OR = 10.0). Among insufficiently active adults, LALM/W-
O3 showed one of the strongest inflammatory associations in the table. Participants had
150.0-fold higher odds of elevated HOMA-IR and 34.8-fold higher odds of high hs-CRP.
Although higher odds were observed, the smaller sample size resulted in wider confidence
intervals and lower precision. Among sufficiently active adults, LALM/W-O3 remained
independently associated with elevated HOMA-IR (OR = 23.1), high hs-CRP (OR = 11.9),
low vitamin D (OR = 2.7), high triglyceride (OR = 5.8), and high LDL cholesterol (OR = 2.4).

Opverall, the associations between all adverse body composition phenotypes LALM/W,
obesity, and LALM/W-O) and high HOMA-IR and hs-CRP showed the strongest and most
consistent associations across all physical activity levels.

4. Discussion

Overall, among the representative U.S. adults included in this NHANES-based study,
adverse body compositions characterized by decreased lean mass and increased adiposity
were associated with undesirable nutritional, metabolic, and inflammatory biomarkers.
Individuals with low muscle mass showed greater odds of hypoalbuminemia, vitamin D
deficiency, hypertriglyceridemia, insulin resistance, and high hs-CRP, while obesity pheno-
types were additionally associated with high LDL cholesterol. These findings demonstrate
that low muscle mass and obesity share common underlying metabolic and inflamma-
tory mechanisms and link to inadequate nutritional status, metabolic dysregulation, and
chronic low-grade inflammation [18,25-30]. These findings were further reinforced by the

https:/ /doi.org/10.3390/ijerph23060815


https://doi.org/10.3390/ijerph23060815

Int. J. Environ. Res. Public Health 2026, 23, 815 14 of 19

LALM/W-O phenotypes in this study, which showed that all LALM/W-O phenotypes
were significantly associated with greater odds of hypoalbuminemia, vitamin D deficiency,
dyslipidemia, insulin resistance, and systemic inflammation, particularly regarding insulin
resistance and inflammation [30]. The associations between LALM/W-O, obesity, and
LALM/W-O with hypoalbuminemia, vitamin D deficiency, and dyslipidemia further indi-
cate that nutritional status and lipid metabolism remain essential contributors [18,19,25-28].

Regular physical activity has been associated with improvements in insulin sensitivity,
lipid metabolism, body composition, and systemic inflammation, which may influence
the metabolic consequences of adverse body composition phenotypes. In the previous
literature, exercise has been found to potentially positively impact body composition,
physical functional capacity, and metabolic profiles in individuals with SO, while also
mitigating the inflammation and metabolic dysfunction due to obesity [31]. Furthermore,
physical activity has been identified as a key component in the prevention and management
of SO through its positive effects on skeletal muscle preservation, reduced fat accumulation,
and metabolic regulation [32]. This might partly explain the reason why there were
significant interactions of physical activity levels with certain body composition phenotypes
concerning albumin, lipids, iron status, HOMA-IR, and hs-CRP.

Although some associations seemed inconsistent across physical activity levels, suffi-
cient physical activity was generally associated with lower odds of unfavorable nutritional
and metabolic biomarkers. These findings are broadly consistent with the potential benefi-
cial role of physical activity in metabolic health [32].

LALM/W, obesity, and LALM/W-O were consistently associated with adverse
metabolic and inflammatory biomarker profiles in all physical activity levels. The presence
of insulin resistance and systemic inflammation was found to be the most common abnor-
mal finding among all sarcopenia and obesity types irrespective of the degree of activity.
The constant metabolic burden related to muscle mass reduction and fat accumulation was
clearly demonstrated [33]. These findings indicate that appropriate physical activity and
dietary strategies may play a supportive role in improving insulin sensitivity and reducing
systemic inflammation [34].

Muscle loss and impaired muscle quality have also been related to insulin resistance,
presumably via an impairment of anabolic signaling processes and skeletal muscle protein
synthesis. Moreover, insulin resistance is characterized by autophagy dysfunction and
inflammatory status, thereby speeding up the process of muscle breakdown and deteri-
oration [35]. The impact of skeletal muscle protein turnover in regulating metabolism
has been identified, with disruptions in either anabolic and catabolic processes contribut-
ing to muscle atrophy and metabolic dysfunctions [36]. Skeletal muscle is the primary
site of insulin-mediated glucose uptake and plays a principal role in whole-body glucose
homeostasis; decreasing in muscle mass may impair glucose disposal and be linked to
deteriorating metabolic regulation [37,38]. Declines in muscle mass and function may be
linked to reduce physical activity and lower energy expenditure, further impairing insulin
resistance and promoting adiposity accumulation [39]. Concurrently, these mechanisms
may establish a vicious cycle in which insulin resistance promotes muscle loss, while
muscle wasting further aggravates metabolic dysfunction.

Chronic low-grade inflammation is another key biological mechanism linking both
sarcopenia and obesity. Increased adiposity, particularly visceral fat accumulation, pro-
motes the release of pro-inflammatory cytokines and adipokines that are linked to systemic
inflammation and metabolic dysfunction [40]. The inflammatory conditions associated
with muscle catabolism and reduction in muscle protein synthesis, mediated by the pro-
inflammatory cytokines, is likely to be one of the factors contributing to the onset and
development of sarcopenia [35,41]. Chronic inflammation and altered autophagy linked to
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insulin resistance may further impair muscle maintenance and muscle quality [41]. These
mechanisms suggest a bidirectional link in which obesity-related inflammation contributes
to muscle loss, while muscle wasting may further aggravate metabolic dysfunction and
systemic inflammation.

In addition, LALM/W-O phenotypes generally revealed stronger associations with
adverse nutritional, metabolic, and inflammatory biomarkers than either sarcopenia or
obesity alone. This finding suggests that the coexistence of low muscle mass and excess
adiposity may exert synergistic negative effects on metabolic health. In addition, the
markedly higher odds of elevated HOMA-IR and hs-CRP observed in the LALM/W-
O phenotypes support the hypothesis that combined muscle loss and excess adiposity
represent a particularly high-risk metabolic dysregulation. Excess adipose tissue may
promote inflammatory cytokine production, whereas reduced muscle mass decreases the
primary site of insulin-mediated glucose uptake, together creating a vicious cycle that
impairs insulin resistance and systemic inflammation [42].

Limitations of this study should be considered. Because of the cross-sectional study
design, causal relationships cannot be established. Although significant interactions be-
tween physical activity level and selected body composition phenotypes were observed for
several nutritional biomarkers, these interactions were not consistently detected across all
phenotypes-biomarker combinations. Therefore, the influence of physical activity on the
associations between body composition phenotypes and nutritional biomarkers may be
biomarker-specific and should be interpreted with caution. Energy intake and carbohydrate
intake may directly influence metabolic biomarkers such as triglycerides and HOMA-IR.
Adjustment to these dietary factors may have resulted in partial over-adjustment. Although
these variables were included to account for potential confounding related to overall dietary
intake and dietary composition, residual concerns regarding over-adjustment cannot be
entirely excluded. Physical activity was evaluated using self-reported information, which
is exposed to recall bias and potential misclassification. Moreover, individuals classified
as completely inactive (0 MET-min/week) may not truly represent entirely inactive in-
dividuals. The observation that odds of associations were mostly lower in the inactive
group compared with the insufficiently or sufficiently active groups may be explained
by limitations in physical activity measurement. Furthermore, the relatively small sam-
ple size of the insufficiently active group may have contributed to unstable estimates,
as reflected by the wide confidence intervals observed for some associations. However,
comparisons between insufficiently active and sufficiently active individuals consistently
demonstrated lower odds of adverse nutritional biomarkers among sufficiently active indi-
viduals, suggesting that sufficient physical activity may improve metabolic and nutritional
conditions. Therefore, the findings should be interpreted cautiously. Standardized assess-
ment of physical activity should be integrated in future studies to improve the accuracy of
activity assessment and reduce potential misclassification. The present study used estab-
lished anthropometric and body composition criteria to classify obesity and low muscle
mass. Low muscle mass was defined using ALM/W cutoffs [13], which identifies weight-
adjusted muscle mass indices as an alternative to the commonly used height-adjusted
ASMI (ALM/height?) for defining low muscle mass in the context of varying adiposity.
These observed associations must therefore be interpreted cautiously within the context
of overlapping body composition models. Although various alternative anthropometric
indices have shown some associations with body composition and health outcomes [43,44],
it remains uncertain whether they improve upon standard methods for nutritional biomark-
ers, and further studies are warranted to clarify this. Given the large number of biomarkers
and subgroup analysis performed, some findings may have occurred by chance. These
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results should therefore be interpreted cautiously and considered as exploratory evidence
that may help inform future studies rather than definitive conclusions.

5. Conclusions

In this cross-sectional study of U.S. adults, low muscle mass, obesity, and their coexis-
tence were all associated with an adverse biomarker, specifically in dyslipidemia, insulin
resistance (HOMA-IR), and systemic inflammation (hs-CRP). Most associations were ob-
served among individuals with the combined presence of low muscle mass and obesity,
suggesting a more adverse metabolic profile when reduced lean mass coexists with obesity.
These findings highlight the important link between body composition, nutritional state,
and metabolic status. However, given the cross-sectional design, causal inferences cannot
be established. The observed associations should be interpreted as hypothesis-generating
rather than causal. Future longitudinal studies are required to clarify associations and to
determine whether improvements in body composition and physical activity levels can
beneficially influence nutritional and metabolic biomarkers.
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