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Abstract 

Background

The cardiometabolic index (CMI), initially devised as a diagnostic tool for diabetes 

mellitus, has evolved into a composite biomarker for evaluating metabolic syndrome 

and cardiovascular disease risk. In order to shed light on any possible interactions 

between sarcopenia and CMI, this study will look at the relationship between the two.

Methods and results

Data from the 2011–2018 National Health and Nutrition Examination Survey 

(NHANES) were analyzed to investigate the possible link between sarcopenia and 

CMI. Among 3,185 eligible participants, the weighted prevalence of sarcopenia was 

7.84%. A significant positive association emerged between CMI and sarcopenia risk, 

with each unit increase in CMI was linked with a 12% greater risk of sarcopenia in 

the fully adjusted model (OR: 1.12; 95% CI: 1.01–1.26). Moreover, dose-response 

relationships were evident across CMI tertiles (P for trend < 0.05). Subgroup analy-

ses and interaction tests indicated that the positive correlation between CMI and the 

risk of sarcopenia differs significantly across subgroups defined by education level, 

sedentary time and CVD status (all P for interaction < 0.05).

Conclusions

Our findings demonstrate a robust association between elevated CMI levels and 

increased sarcopenia risk, suggesting CMI’s potential utility as a clinical biomarker 

for sarcopenia risk surveillance. To confirm these results and demonstrate causality, 

more research is required.
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Introduction

Sarcopenia, characterized by the progressive loss of skeletal muscle mass and 
function, predominantly affects older adults and is linked to frailty, falls, fractures, and 
increased mortality [1–4]. Its prevalence in elderly populations ranges from 5% to 
50%, depending on diagnostic criteria [3,4]. In addition to its clinical consequences, 
sarcopenia imposes substantial healthcare burdens due to treatment costs and long-
term care needs [5,6]. Identifying modifiable risk factors is critical for mitigating this 
growing public health challenge.

The Cardiometabolic Index (CMI), calculated as a combination of triglycerides 
(TG), high-density lipoprotein cholesterol (HDL-C), waist circumference (WC), and 
height, reflects central obesity and dyslipidemia [7,8]. CMI predicts metabolic dis-
eases such as diabetes and cardiovascular disorders [9–12], but its association with 
sarcopenia remains unexplored. This gap is notable, given emerging evidence linking 
lipid metabolism to muscle health. For instance, elevated triglycerides and cholesterol 
correlate with reduced muscle mass [13,14], while dysregulated lipid profiles in sar-
copenia suggest mitochondrial dysfunction and impaired energy metabolism [15,16]. 
Mechanistic evidence suggests that visceral adiposity, reflected by waist circumfer-
ence, drives chronic systemic inflammation and insulin resistance, inhibiting muscle 
protein synthesis through dysregulated anabolic signalling pathways [17]. Further-
more, elevated triglyceride levels contribute to lipotoxicity by impairing mitochondrial 
integrity in skeletal muscle tissue, resulting in mitochondrial dysfunction and height-
ened oxidative stress, which collectively exacerbate muscle catabolism [18].

Given these associations, this study aims to investigate the potential of the CMI 
as a novel biomarker for sarcopenia risk by analyzing nationally representative data 
from the National Health and Nutrition Examination Survey (NHANES).

Methods and materials

Study population

This cross-sectional study utilized data from NHANES, a population-based survey 
conducted by the National Center for Health Statistics (NCHS), to assess the health 
and nutritional status of the U.S. population. NHANES employed a complex, strati-
fied, multistage probability sampling design to obtain a representative sample of the 
non-institutionalized U.S. population.

We analyzed data from four NHANES cycles (2011–2018), comprising 39,156 
individuals. Of these, 35,947 subjects were excluded for various reasons, including 
incomplete sarcopenia data (n = 21,277), age below 20 years (n = 7,053), missing 
CMI data (n = 6,018), and absence of covariate data (n = 1,623). Fig 1 illustrates the 
selection procedure. Ultimately, 3,185 individuals were included in the analysis. All 
NHANES participants provided written informed consent.

Definition of sarcopenia and CMI

Sarcopenia in this study was assessed by measuring appendicular skeletal mus-
cle mass (ASM) through dual-energy X-ray absorptiometry. ASM, representing the 
total lean tissue mass in the limbs, served as the primary indicator. The definition of 
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sarcopenia followed the criteria established by the Foundation for the National Institutes of Health (FNIH) Sarcopenia Proj-
ect [19]. Specifically, sarcopenia was diagnosed when the men’s and women’s sarcopenia index, calculated by dividing 
ASM by BMI, were less than 0.789 and 0.512, respectively.

The CMI, introduced by Wakabayashi et al. in 2015, has been validated as a reliable tool for assessing the risk of 
diabetes and other metabolic disorders [7]. The waist-to-height ratio (WHtR) is derived by dividing WC by height, and the 
specific formulas for calculating CMI are as follows:

	 CMI = TG (mmol/L) /HDL – C (mmol/L)×WHtR 	

Covariates

Based on previous literature [20–23], this study incorporated a range of demographic variables, dietary factors, anthro-
pometric measurements, physical activity, comorbidities, and laboratory parameters. Demographic variables comprised 
standard personal information and the poverty–income ratio (PIR), categorized into three categories: 1.3–3.5, ≥ 3.5, and 
<1.3. Two 24-hour dietary recalls were averaged out to determine total energy consumption. Anthropometric measure-
ments included WC and body mass index (BMI). Physical activity data were obtained through a physical activity ques-
tionnaire. To standardize the physical activity data across periods, we included minutes of sedentary activity and vigorous 
work activity status. Sedentary time was further grouped into <3 hours, 3–6 hours, and ≥6 hours. Comorbidities assessed 
included hypertension, diabetes, and cardiovascular disease (CVD).

Laboratory parameters measured included HDL-c (mmol/L), TG (mmol/L), serum creatinine (SCR, umol/L), total cho-
lesterol (TC, mmol/L), aspartate transaminase (AST, U/L); blood urea nitrogen (BUN, mmol/L), alanine transaminase (ALT, 
U/L), and serum uric acid (SUA, µmol/L). Biochemical markers related to mitochondrial metabolism were also included as 
covariates, such as creatine phosphokinase (CPK, IU/L) and serum iron (µmol/L). CPK is associated with mitochondrial 
function in cases of muscle injury or metabolic abnormalities [24], while serum iron levels are involved in the function 

Fig 1.  Flow chart of the study population.

https://doi.org/10.1371/journal.pone.0323905.g001

https://doi.org/10.1371/journal.pone.0323905.g001
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of mitochondrial electron transport chain complexes [25]. Additionally, white blood cell counts were used as a marker of 
chronic inflammation. Detailed definitions of these variables are provided in the S1 Table.

Statistical analysis

According to the recommendations from the NHANES website, NHANES employs a sophisticated sampling strategy 
to guarantee that the information gathered represents the whole country. Therefore, we incorporated sampling weights 
into our investigation, and the sample weight was calculated as 1/4 * WTDRD1. Continuous variables are reported as 
weighted medians and interquartile ranges (IQR), while categorical variables are shown as weighted percentages. The 
three CMI groups’ variable characteristics were compared using a weighted chi-square test and linear regression model. 
Univariate regression analysis was used to explore variables associated with sarcopenia. The weighted logistic regres-
sion analysis results, which assessed the relationship between sarcopenia and CMI, were shown as odds ratios (ORs) 
and 95% confidence intervals (CIs). In the multivariate analysis, the variance inflation factor (VIF) was used to assess 
multicollinearity, considering the interrelationships between the variables (S2 Table). Then, we developed several models 
to account for any confounding variables that might affect the results: Model 1 included all variables and did not adjust for 
confounders; Age, sex, and race/ethnicity adjustments were included in Model 2; and Model 3 involved further adjusted 
in light of Model 2 by including education level, PIR, marital status, BMI, hypertension, CVD, energy intake, diabetes, 
sedentary time, vigorous activity, smoking status, TC, ALT, AST, BUN, SCR, CPK, SUA, serum iron, and white blood cell. 
We then converted the continuous CMI scores into tertiles to explore trend tests (P for trend). For the sake of examining 
the linear association between CMI and sarcopenia, we used smooth curve fittings. Furthermore, subgroup analyses and 
interaction tests were conducted based on sex, education level, PIR, BMI, sedentary time, vigorous activity, and comorbid-
ities (hypertension, diabetes, and CVD). All statistical analyses were performed using R (version 3.4.3) and EmpowerStats 
(http://www.empowerstats.com). Statistical significance was set at P < 0.05.

Results

Characteristics of participants

3,185 participants were included, representing a weighted population of 36,932,058. Among them, 49.97% were male and 
50.03% were female. The average age was 40.00 (29.00, 50.00) years, and the weighted prevalence of sarcopenia was 
7.84%. Participants were categorized based on CMI tertiles. Compared to those in the lowest CMI tertile, participants in 
the highest CMI tertile were generally older, more likely to be male, smokers, Mexican American, and had a higher like-
lihood of exhibiting abnormal BMI, hypertension, diabetes, CVD, and sarcopenia. They also had lower education, family 
income, and HDL-C levels but higher total dietary energy intake, WC, TG, TC, ALT, AST, BUN, SCR, SUA, and white 
blood cells (all P < 0.05). No significant differences were observed in sedentary time, vigorous activity, or CPK levels (all 
P > 0.05) (Table 1).

Factors associated with sarcopenia

Univariate regression analysis showed that sarcopenia was positively associated with age, hypertension, diabetes, CVD, 
BMI, total energy intake, WC, TG, TC, CMI, ALT, SUA, and white blood cell counts (all P < 0.05) (Table 2). In contrast, it 
was negatively associated with race, education, PIR, HDL-C, SCR, and CPK (all P < 0.05). Specifically, individuals with 
hypertension had a 0.872-fold increased risk of sarcopenia compared to those without hypertension (OR: 1.872; 95% CI: 
1.462–2.398). Those with diabetes had a 1.699-fold increased risk (OR: 2.699; 95% CI: 2.060–3.537), and individuals with 
CVD had a 2.177-fold increased risk (OR: 3.177; 95% CI: 2.048–4.928). Regarding race, the risk of sarcopenia was lower 
in Other Hispanic, Non-Hispanic White, Non-Hispanic Black, and Other Races compared to Mexican Americans, with ORs 
of 0.669, 0.360, 0.120, and 0.348, respectively. For education, individuals with a high school education had a 43.4% lower 

http://www.empowerstats.com
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Table 1.  Weighted baseline characteristics by CMI tertile groups (NHANES 2011-2018).

Characteristics Overall Tertile 1 Tertile 2 Tertile 3 P-value

Weighted N = 36,932,058
Unweighted  
n = 3,185

Weighted N = 11,707,865
Unweighted  
n = 1062

Weighted N = 12,881,164
Unweighted  
n = 1061

Weighted N = 12,343,028
Unweighted  
n = 1062

Age (years) 40.00 (29.00, 50.00) 35.00 (25.00, 47.00) 41.00 (31.00, 51.00) 44.00 (33.00, 53.00) <0.001

Gender (%) <0.001

Male 49.97 36.92 48.92 63.45

Female 50.03 63.08 51.08 36.55

Race/ethnicity (%) <0.001

Mexican American 10.72 7.04 10.61 14.32

Other Hispanic 7.74 6.12 8.11 8.90

Non-Hispanic White 62.34 60.48 63.21 63.20

Non-Hispanic Black 10.05 14.17 10.23 5.94

Other Races 9.15 12.18 7.84 7.64

Education (%) 0.005

Less than high school 13.47 9.67 13.73 16.80

High school 21.85 21.00 21.03 23.51

More than high school 64.68 69.32 65.24 59.68

Marital status (%) 0.014

Married 51.86 49.78 52.84 52.80

Widowed 1.70 1.61 1.15 2.36

Divorced 9.26 6.36 9.61 11.64

separated 2.47 1.95 2.57 2.84

Never married 24.68 30.54 23.61 20.24

Living with partner 10.04 9.75 10.21 10.12

PIR (%) 0.010

<1.3 26.13 25.69 23.90 28.86

≥1.3, < 3.5 34.43 31.94 35.59 35.59

≥3.5 39.44 42.37 40.51 35.55

BMI (%) <0.001

Normal 28.91 54.62 24.17 9.48

Overweight 33.48 28.86 38.49 32.65

Obesity 35.95 12.66 36.24 57.74

Sedentary time (%) 0.808

<3h 11.20 12.25 10.90 10.52

≥3h, < 6h 32.87 33.08 33.41 32.11

≥6h 55.93 54.67 55.69 57.37

Vigorous activity (%) 0.128

No 76.01 78.64 76.10 73.44

Yes 23.99 21.36 23.90 26.56

Smokers (%) <0.001

No 56.83 64.47 57.64 48.73

Yes 43.17 35.53 42.36 51.27

Hypertension (%) <0.001

No 60.15 76.53 60.56 44.20

Yes 39.85 23.47 39.44 55.80

Diabetes (%) <0.001

(Continued)
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risk of sarcopenia compared to those with less than a high school education (OR: 0.566; 95% CI: 0.401–0.799), while 
those with more than a high school education had a 61.2% lower risk (OR: 0.388; 95% CI: 0.291–0.519). Compared to 
participants with a PIR < 1.3, those in higher PIR groups had a decreased risk of sarcopenia, with ORs of 0.719 and 0.456.

Multivariable logistics regression analysis of the relationship between sarcopenia and CMI

A weighted logistic regression analysis revealed a positive association between sarcopenia and continuous CMI values 
and CMI tertiles (Table 3). In Model 3, after adjusting for all confounding variables, each one-unit increase in CMI (the 
smallest observable increment, unitless) was associated with a 12% higher risk of sarcopenia (OR: 1.12; 95% CI: 1.01–
1.26). This positive correlation persisted to be significant even after converting CMI into tertiles. Participants in the second 
and third tertiles had 1.25 times (OR: 1.25; 95% CI: 0.79–1.97) and 1.68 times (OR: 1.68; 95% CI: 1.05–2.69) greater 
odds of sarcopenia, respectively, in comparison to those in the lowest tertile. The effect value progressively rose as the 
CMI levels grew (P for trend < 0.05). Through smooth curve fitting, we validated the linear association between the CMI 
and sarcopenia (Fig 2).

Characteristics Overall Tertile 1 Tertile 2 Tertile 3 P-value

Weighted N = 36,932,058
Unweighted  
n = 3,185

Weighted N = 11,707,865
Unweighted  
n = 1062

Weighted N = 12,881,164
Unweighted  
n = 1061

Weighted N = 12,343,028
Unweighted  
n = 1062

No 85.99 95.45 89.40 73.46

Yes 14.01 4.55 10.60 26.54

CVD (%) 0.036

No 96.08 97.90 95.46 95.01

Yes 3.92 2.10 4.54 4.99

Sarcopenia (%) <0.001

No 92.16 96.69 92.52 87.50

Yes 7.84 3.31 7.48 12.50

Total energy intake 
(kcal)

2045.00 (1592.50, 
2583.00)

1984.00 (1579.00, 
2510.50)

2017.50 (1602.00, 
2533.00)

2136.50 (1616.50, 
2671.50)

0.049

WC (cm) 96.20 (86.20, 107.20) 84.90 (77.80, 93.80) 96.60 (88.80, 106.50) 106.10 (97.20, 117.20) <0.001

TG (mmol/L) 1.12 (0.77, 1.69) 0.66 (0.51, 0.79) 1.11 (0.93, 1.31) 2.01 (1.60, 2.66) <0.001

TC (mmol/L) 4.89 (4.22, 5.61) 4.58 (4.01, 5.28) 4.91 (4.29, 5.53) 5.17 (4.47, 6.05) <0.001

HDL-C (mmol/L) 1.29 (1.09, 1.58) 1.63 (1.42, 1.91) 1.32 (1.16, 1.50) 1.06 (0.91, 1.19) <0.001

ALT (U/L) 22.00 (17.00, 31.00) 18.00 (15.00, 23.00) 21.00 (17.00, 28.00) 28.00 (21.00, 39.00) <0.001

AST (U/L) 22.00 (19.00, 27.00) 21.00 (18.00, 25.00) 22.00 (19.00, 27.00) 24.00 (20.00, 30.00) 0.001

BUN (mmol/L) 4.28 (3.57, 5.36) 4.28 (3.57, 5.00) 4.38 (3.25, 5.36) 4.51 (3.17, 6.36) 0.007

SCR (µmol/L) 72.49 (61.00, 84.86) 69.84 (60.11, 81.33) 72.49 (62.76, 84.86) 75.14 (62.76, 86.63) 0.005

CPK (IU/L) 103.00 (72.00, 164.00) 97.00 (67.00, 150.00) 102.00 (74.00, 166.00) 108.00 (77.00, 173.00) 0.680

SUA (µmol/L) 315.20 (261.70, 374.70) 279.60 (237.90, 333.10) 321.20 (273.60, 368.80) 356.90 (303.30, 404.50) <0.001

Serum iron (µmol/L) 15.20 (11.50, 19.70) 15.00 (11.50, 19.50) 15.60 (11.60, 20.40) 14.90 (11.50, 19.20) 0.002

White blood cell (1000 
cells/µL)

6.60 (5.60, 7.90) 5.90 (5.00, 7.10) 6.50 (5.60, 7.90) 7.10 (6.10, 8.60) <0.001

Tertile 1: 0.04 ≤ CMI < 0.33; Tertile 2: 0.33 ≤ CMI < 0.71; Tertile 3: 0.71 ≤ CMI < 16.09.

Median (IQR) for continuous variables; % for categorical variables.

CMI, cardiometabolic index; PIR, poverty income ratio; WC, waist circumference; BMI, body mass index; TC, total cholesterol; TG, triglyceride; CVD, 
cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; AST, aspartate transaminase; ALT, alanine transaminase; BUN, blood urea nitrogen; 
SUA, serum uric acid; CPK, creatine phosphokinase; SCR, serum creatinine.

https://doi.org/10.1371/journal.pone.0323905.t001

Table 1.  (Continued)

https://doi.org/10.1371/journal.pone.0323905.t001
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Table 2.  Univariate logistics regression analysis.

Variable OR (95% CI) P-value

Age 1.045 (1.033, 1.056) <0.001

Gender

Male Ref Ref

Female 1.041 (0.814, 1.332) 0.747

Race/ethnicity

Mexican American Ref Ref

Other Hispanic 0.669 (0.454, 0.984) 0.041

Non-Hispanic White 0.360 (0.262, 0.494) <0.001

Non-Hispanic Black 0.120 (0.070, 0.208) <0.001

Other Races 0.348 (0.233, 0.519) <0.001

Education

Less than high school Ref Ref

High school 0.566 (0.401, 0.799) 0.001

More than high school 0.388 (0.291, 0.519) <0.001

Marital status

Married Ref Ref

Widowed 1.034 (0.437, 2.444) 0.939

Divorced 0.917 (0.584, 1.440) 0.708

separated 1.024 (0.552, 1.903) 0.939

Never married 0.659 (0.479, 0.908) 0.011

Living with partner 0.711 (0.459, 1.104) 0.129

PIR

<1.3 Ref Ref

≥1.3, < 3.5 0.719 (0.543, 0.950) 0.020

≥3.5 0.456 (0.329, 0.634) <0.001

Sedentary time

<3h Ref Ref

≥3h, < 6h 0.993 (0.663, 1.487) 0.971

≥6h 0.941 (0.639, 1.385) 0.757

Vigorous activity

No Ref Ref

Yes 0.994 (0.743, 1.329) 0.966

Smokers

No Ref Ref

Yes 1.020 (0.794, 1.310) 0.875

Hypertension

No Ref Ref

Yes 1.872 (1.462, 2.398) <0.001

Diabetes

No Ref Ref

Yes 2.699 (2.060, 3.537) <0.001

CVD

No Ref Ref

Yes 3.177 (2.048, 4.928) <0.001

BMI 1.101 (0.084, 1.118) <0.001

Total energy intake 1.010 (1.002, 1.024) <0.001

(Continued)
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Subgroup analysis

To further explore the relationship between sarcopenia and CMI more thoroughly across a number of subgroups, we 
conducted subgroup analyses and interaction tests based on sex, education level, PIR, BMI, sedentary time, vigorous 
activity, hypertension, diabetes, and CVD (Table 4). Subgroup analysis revealed that male participants (OR: 1.16; 95% CI: 
1.03–1.31), individuals with a high school education (OR: 1.57; 95% CI: 1.06–2.33) or less (OR: 1.31; 95% CI: 1.11–1.54), 
individuals who were overweight (OR: 1.21; 95% CI: 1.03–1.56) or obese (OR: 1.52; 95% CI: 1.08, 2.11), those with a 
PIR < 1.3 (OR: 1.23; 95% CI: 1.03–1.47), and participants with sedentary time ≥ 3h but <6h (OR: 1.09; 95% CI: 1.01–1.16) 
or ≥ 6h (OR: 1.27; 95% CI: 1.06–1.53) were more likely to develop sarcopenia (all P < 0.05). In addition, individuals with 
hypertension (OR: 1.18; 95% CI: 1.03–1.36), diabetes (OR: 1.09; 95% CI: 1.02–1.38) and CVD diagnosis (OR: 2.51; 95% 
CI: 1.34–4.68) also exhibited an increased risk of sarcopenia (all P < 0.05).

Variable OR (95% CI) P-value

WC 1.039 (1.032, 1.046) <0.001

TG 1.265 (1.165, 1.373) <0.001

TC 1.315 (1.178, 1.469) <0.001

HDL-C 0.485 (0.342, 0.689) <0.001

CMI 1.370 (1.247, 1.504) <0.001

ALT 1.010 (1.005, 1.014) <0.001

AST 1.003 (0.999, 1.007) 0.220

BUN 1.033 (0.965, 1.106) 0.346

SCR 0.973 (0.965, 0.981) <0.001

CPK 0.998 (0.997, 1.000) 0.008

SUA 1.002 (1.000, 1.003) 0.010

Serum iron 1.000 (0.981, 1.018) 0.967

White blood cell 1.186 (1.125, 1.250) <0.001

OR, odds ratio; CI, confidence interval.

CMI, cardiometabolic index; PIR, poverty income ratio; WC, waist circumference; BMI, body mass index; TC, total cholesterol; TG, triglyceride; CVD, 
cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; AST, aspartate transaminase; ALT, alanine transaminase; BUN, blood urea nitrogen; 
SUA, serum uric acid; CPK, creatine phosphokinase; SCR, serum creatinine.

https://doi.org/10.1371/journal.pone.0323905.t002

Table 2.  (Continued)

Table 3.  Relationships between the CMI and sarcopenia risk.

Characteristics Model 1
OR (95% CI)

P-value Model 2
OR (95% CI)

P-value Model 3
OR (95% CI)

P-value

Total 
(n =  3209)

Continuous 1.37 (1.25, 1.50) <0.001 1.30 (1.19, 1.44) <0.001 1.12 (1.01, 1.26) 0.038

CMI Tertile

Tertile 1 Reference Reference Reference

Tertile 2 2.65 (1.75, 4.00) <0.001 2.13 (1.40, 3.25) <0.001 1.25 (0.79, 1.97) 0.334

Tertile 3 5.61 (3.82, 8.25) <0.001 4.12 (2.76, 6.15) <0.001 1.68 (1.05, 2.69) 0.030

P for trend <0.001 <0.001 0.018

Model 1: Unadjusted variables

Model 2: Age, gender, race/ethnicity adjustments

Model 3: Adjusted for the following variables: age, gender, race/ethnicity, education level, marital status, PIR, BMI, hypertension, diabetes, CVD, total 
energy intake, sedentary time, smoking status, vigorous activity, TC, ALT, AST, BUN, SCR, CPK, SUA, serum iron, and white blood cell.

https://doi.org/10.1371/journal.pone.0323905.t003

https://doi.org/10.1371/journal.pone.0323905.t002
https://doi.org/10.1371/journal.pone.0323905.t003


PLOS One | https://doi.org/10.1371/journal.pone.0323905  May 15, 2025 9 / 15

The interaction analysis revealed significant differences in the subgroups of education level, sedentary time and CVD 
(all P for interaction < 0.05). These findings suggest that these factors influence the positive correlation between CMI and 
sarcopenia but not gender, PIR, BMI, vigorous activity, hypertension, or diabetes (all P for interaction > 0.05).

Discussion

In this cross-sectional investigation involving a representative U.S. population, we found a significant correlation between 
sarcopenia and CMI. This correlation remained robust even after controlling for potential confounding variables. Our 
findings demonstrated substantial heterogeneity in the correlation between CMI and sarcopenia among subgroups based 
on education level, sedentary time, and the diagnosis of CVD. Specifically, higher CMI levels were linked to a higher inci-
dence of sarcopenia in participants with long sedentary time and CVD diagnosis and those whose education level did not 
transcend high school.

In our study, we defined sarcopenia using the FNIH criteria, which utilizes the ASM to BMI ratio, distinguishing it from 
the EWGSOP2 definition, which employs the ASM to height2 ratio [26]. The FNIH criteria have been validated in multiple 
studies on sarcopenia and are widely used in clinical research [27–29]. BMI is considered a proxy for fat content, and 
normalizing ASM by BMI, rather than height², accounts for the influence of body fat on muscle mass. This approach is 
particularly relevant in populations with high obesity rates, such as U.S. adults, where adiposity plays a key role in muscle 
mass distribution. However, the choice of sarcopenia diagnostic criteria can affect the observed prevalence. For exam-
ple, a study conducted in the Australian population found that the prevalence of sarcopenia was 12.9% when defined 
by FNIH criteria and 19.6% when defined by EWGSOP2 [30]. Similarly, in Chinese community-dwelling older adults, the 
EWGSOP2 definition resulted in a higher prevalence of sarcopenia (men: 6.5%, women: 3.3%) compared to the FNIH 
definition (men: 6.0%, women: 1.7%). Although the FNIH definition aligns with our focus on muscle mass adjusted for fat, 
this choice may limit the generalizability of our results to studies using other definitions. The lack of large-scale popula-
tion studies comparing these standards means that future research should examine how different sarcopenia definitions 
impact risk associations across diverse populations.

Several studies have focused on the individual components of CMI and showed that elevated TG levels, reduced HDL-
C, and WHtR are associated with a greater risk of sarcopenia and muscle loss [31–34]. Maintaining adequate skeletal 

Fig 2.   The smooth curve fitting plot of the association between CMI and sarcopenia.

https://doi.org/10.1371/journal.pone.0323905.g002

https://doi.org/10.1371/journal.pone.0323905.g002
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muscle mass can help reduce specific lipids related to hyperlipidemia and cardiometabolic diseases [35]. Consistent with 
our results, our study demonstrates that higher levels of CMI were associated with an increased risk of sarcopenia. The 
CMI accounts for multiple metabolic disturbances and highlights their combined impact on sarcopenia risk. Integrating 
various markers of metabolic dysfunction into a single index provides a more holistic understanding of how these factors 
jointly contribute to muscle loss.

However, a study found that among young women, those who are underweight and have high HDL-C levels exhibit 
a higher prevalence of sarcopenia [36]. The finding that HDL-C shows significant differences only in females warrants 

Table 4.  Subgroup analysis investigating the connection between sarcopenia and CMI.

Subgroup OR (95% CI) P-value P for interaction

Gender 0.134

Male 1.16 (1.03, 1.31) 0.015

Female 0.92 (0.69, 1.23) 0.569

Education levels 0.007

Less than High School 1.31 (1.11, 1.54) 0.001

High School 1.57 (1.06, 2.33) 0.025

Above High School 0.92 (0.75, 1.14) 0.456

PIR 0.351

<1.3 1.23 (1.03, 1.47) 0.021

≥1.3, < 3.5 1.03 (0.85, 1.23) 0.792

≥3.5 1.12 (0.80, 1.58) 0.506

BMI 0.864

Normal 1.07 (0.94, 1.21) 0.683

Overweight 1.21 (1.03, 1.56) 0.005

Obesity 1.52 (1.08, 2.11) 0.023

Sedentary time 0.034

<3h 0.63 (0.37, 1.10) 0.107

≥3h, < 6h 1.09 (1.01, 1.16) 0.011

≥6h 1.27 (1.06, 1.53) 0.003

Vigorous activity 0.885

No 1.11 (0.95, 1.30) 0.202

Yes 1.13 (0.96, 1.32) 0.131

Hypertension 0.123

No 0.97 (0.78, 1.21) 0.800

Yes 1.18 (1.03, 1.36) 0.021

Diabetes 0.342

No 1.06 (0.89, 1.27) 0.511

Yes 1.18 (1.02, 1.38) 0.027

CVD 0.003

No 1.08 (0.96, 1.21) 0.219

Yes 2.51 (1.34, 4.68) 0.004

Adjusted for age, gender, education level, race/ethnicity, PIR, marital status, BMI, hypertension, CVD, diabetes, total energy intake, sedentary time, 
smoking status, vigorous activity, TC, ALT, AST, BUN, SCR, CPK, SUA, serum iron, and white blood cell except for subgroup variables.

https://doi.org/10.1371/journal.pone.0323905.t004

https://doi.org/10.1371/journal.pone.0323905.t004
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further investigation in future research. The non-HDL cholesterol to HDL cholesterol ratio has emerged as a reliable 
indicator of lipid metabolism, which may serve as a valuable marker for monitoring and preventing sarcopenia, particularly 
in female cancer patients who appear more sensitive to these lipid-related changes [37]. Our research revealed that the 
positive correlation between CMI and sarcopenia was particularly pronounced in men, although the interaction test was 
not significant. The underlying reason may be that men generally have higher muscle mass and metabolic rates, making 
changes in metabolic-related indicators more pronounced in the presence of sarcopenia, which could raise the risk of met-
abolic syndrome [38]. For instance, testosterone levels in men are essential for both muscle mass and metabolism, and a 
decline in testosterone levels may exacerbate muscle loss and negatively impact metabolic health [39,40].

Elevated CMI reflects insulin resistance (IR), chronic inflammation, and ectopic fat deposition, contributing to muscle 
atrophy [41–43]. Insulin resistance impairs protein synthesis and promotes muscle breakdown, while visceral adiposity 
releases pro-inflammatory cytokines that accelerate muscle catabolism [42,44,45]. In sedentary individuals, physical 
inactivity exacerbates these metabolic disturbances, reducing muscle mass and function [46]. Additionally, individuals with 
CVD face heightened risks due to chronic systemic inflammation and oxidative stress, which impair mitochondrial function 
and muscle perfusion [47–50]. We found that CVD patients with high CMI have significantly greater odds of developing 
sarcopenia due to overlapping metabolic and vascular dysfunction pathways. Socioeconomic factors further compound 
these risks, as lower education levels are associated with limited health literacy, poor dietary habits, and reduced access 
to preventive care, all of which contribute to dyslipidemia, abdominal obesity, and ultimately higher CMI [51–53]. These 
disparities also limit engagement in resistance training or physical activity, accelerating muscle loss and exacerbating 
sarcopenia risk.

IR, a key feature of metabolic syndrome, reduces muscle cell sensitivity to insulin, impairing protein synthesis and pro-
moting protein breakdown, leading to decreased muscle mass. IR disrupts insulin signalling pathways like the IRS-PI3K-
AKT-mTOR axis and activates the ubiquitin-proteasome system to enhance protein degradation [54]. Increased lipolysis 
releases free fatty acids (FFAs), but excessive fat accumulation causes lipotoxicity, worsening IR and muscle mass reduc-
tion [55,56]. The buildup of harmful lipid intermediates, such as diacylglycerol and ceramide, contributes to muscle quality 
deterioration and mass reduction [55]. Chronic inflammation, often observed in dyslipidemia, also plays a significant role 
in muscle loss. Inflammatory cytokines like TNF-α and IL-6 activate signalling pathways in muscle cells, promoting pro-
tein degradation [57–59]. Inflammatory pathways, such as JNK and IKKβ, further induce IRS-1 serine phosphorylation, 
worsening insulin resistance [60,61]. Also, mitochondrial dysfunction is a common pathological mechanism linking insulin 
resistance and muscle atrophy. Mitochondria are essential for energy metabolism, and their dysfunction leads to reduced 
ATP production, impairing muscle cell function [62]. Mitochondrial impairment also elevates oxidative stress, further dam-
aging muscle cells and accelerating degeneration [63]. These interconnected mechanisms—insulin resistance, chronic 
inflammation, and mitochondrial dysfunction—collectively contribute to muscle degradation in individuals with high CMI, 
highlighting the need for targeted interventions for sarcopenia.

This study offers several notable advantages. Firstly, it utilizes the CMI, a comprehensive marker integrating lipid profile 
indicators and obesity, providing a more holistic assessment of metabolic risk factors concerning sarcopenia. Secondly, 
the research draws on data from a large, well-established population, enhancing the generalizability and robustness of the 
findings. However, there are a few restrictions to consider. Firstly, the study’s cross-sectional design restricts our ability to 
establish causality between CMI and sarcopenia. Secondly, while we adjusted for several potential confounders, other fac-
tors such as medication use, dietary patterns, hormonal levels, or genetic predispositions were not included, which could 
influence the results. Additionally, it is essential to consider the potential for reverse causation, where sarcopenia could 
lead to changes in CMI components. For example, muscle loss may decrease physical activity [64], affecting metabolic 
health and increasing CMI values. Despite these limitations, the research offers novel perspectives on the connection 
between CMI and sarcopenia.
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Conclusion

This study further emphasizes the importance of metabolic factors in sarcopenia. By utilizing the CMI, we assessed its 
role in sarcopenia and identified a positive correlation between the risk of skeletal muscle loss and CMI. According to this 
research, CMI may be a valuable marker for sarcopenia, offering potential improvements in screening and management 
strategies for at-risk individuals. Nevertheless, to substantiate these findings and better understand the causal relation-
ships between CMI and sarcopenia, further prospective studies are necessary. Such research will be crucial in validating 
our results and providing a more comprehensive exploration of how metabolic indices influence sarcopenia.

Supporting information

S1 Table.  Definition of covariates. 
(DOCX)

S2 Table.  The collinearity assessment outcomes. 
(DOCX)

Acknowledgments

We appreciate the NCHS for making the NHANES data readily available to the general population.

Author contributions

Conceptualization: Qing Zhao, Yue Xu, Xiaotian Chen.

Data curation: Qing Zhao.

Formal analysis: Qing Zhao.

Funding acquisition: Xiaotian Chen.

Investigation: Qing Zhao, Xiaotian Chen.

Methodology: Qing Zhao, Yue Xu.

Resources: Yue Xu.

Software: Qing Zhao, Yue Xu.

Supervision: Xiaotian Chen.

Validation: Yue Xu, Xiaotian Chen.

Visualization: Qing Zhao, Yue Xu.

Writing – original draft: Qing Zhao.

Writing – review & editing: Xiaotian Chen.

References
	1.	 Cruz-Jentoft AJ, Sayer AA. Sarcopenia. Lancet. 2019;393(10191):2636–46. https://doi.org/10.1016/S0140-6736(19)31138-9 PMID: 31171417

	2.	 Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, et al. Sarcopenia: European consensus on definition and diagnosis: Report 
of the European Working Group on Sarcopenia in Older People. Age Ageing. 2010;39(4):412–23. https://doi.org/10.1093/ageing/afq034 PMID: 
20392703

	3.	 von Haehling S, Morley JE, Anker SD. An overview of sarcopenia: facts and numbers on prevalence and clinical impact. J Cachexia Sarcopenia 
Muscle. 2010;1(2):129–33. https://doi.org/10.1007/s13539-010-0014-2 PMID: 21475695

	4.	 Fielding RA, Vellas B, Evans WJ, Bhasin S, Morley JE, Newman AB, et al. Sarcopenia: an undiagnosed condition in older adults. Current consensus 
definition: prevalence, etiology, and consequences. International working group on sarcopenia. J Am Med Dir Assoc. 2011;12(4):249–56. https://doi.
org/10.1016/j.jamda.2011.01.003 PMID: 21527165

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323905.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323905.s002
https://doi.org/10.1016/S0140-6736(19)31138-9
http://www.ncbi.nlm.nih.gov/pubmed/31171417
https://doi.org/10.1093/ageing/afq034
http://www.ncbi.nlm.nih.gov/pubmed/20392703
https://doi.org/10.1007/s13539-010-0014-2
http://www.ncbi.nlm.nih.gov/pubmed/21475695
https://doi.org/10.1016/j.jamda.2011.01.003
https://doi.org/10.1016/j.jamda.2011.01.003
http://www.ncbi.nlm.nih.gov/pubmed/21527165


PLOS One | https://doi.org/10.1371/journal.pone.0323905  May 15, 2025 13 / 15

	 5.	 Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyère O, Cederholm T, et al. Sarcopenia: revised European consensus on definition and diagnosis. 
Age Ageing. 2019;48(1):16–31. https://doi.org/10.1093/ageing/afy169 PMID: 30312372

	 6.	 Janssen I, Shepard DS, Katzmarzyk PT, Roubenoff R. The healthcare costs of sarcopenia in the United States. J Am Geriatr Soc. 2004;52(1):80–
5. https://doi.org/10.1111/j.1532-5415.2004.52014.x PMID: 14687319

	 7.	 Wakabayashi I, Daimon T. The “cardiometabolic index” as a new marker determined by adiposity and blood lipids for discrimination of diabetes 
mellitus. Clin Chim Acta. 2015;438:274–8. https://doi.org/10.1016/j.cca.2014.08.042 PMID: 25199852

	 8.	 Liu X, Wu Q, Yan G, Duan J, Chen Z, Yang P, et al. Cardiometabolic index: a new tool for screening the metabolically obese normal weight pheno-
type. J Endocrinol Invest. 2021;44(6):1253–61. https://doi.org/10.1007/s40618-020-01417-z PMID: 32909175

	 9.	 Abolnezhadian F, Hosseini SA, Alipour M, Zakerkish M, Cheraghian B, Ghandil P, et al. Association metabolic obesity phenotypes with cardiomet-
abolic index, atherogenic index of plasma and novel anthropometric indices: a link of FTO-rs9939609 polymorphism. Vasc Health Risk Manag. 
2020;16:249–56. https://doi.org/10.2147/VHRM.S251927 PMID: 32612360

	10.	 Zha F, Cao C, Hong M, Hou H, Zhang Q, Tang B, et al. The nonlinear correlation between the cardiometabolic index and the risk of diabetes: 
A retrospective Japanese cohort study. Front Endocrinol (Lausanne). 2023;14:1120277. https://doi.org/10.3389/fendo.2023.1120277 PMID: 
36875460

	11.	 Guo Q, Wang Y, Liu Y, Wang Y, Deng L, Liao L, et al. Association between the cardiometabolic index and chronic kidney disease: a cross-sectional 
study. Int Urol Nephrol. 2024;56(5):1733–41. https://doi.org/10.1007/s11255-023-03888-4 PMID: 38063958

	12.	 Duan S, Yang D, Xia H, Ren Z, Chen J, Yao S. Cardiometabolic index: A new predictor for metabolic associated fatty liver disease in Chinese 
adults. Front Endocrinol (Lausanne). 2022;13:1004855. https://doi.org/10.3389/fendo.2022.1004855 PMID: 36187093

	13.	 Gong H, Liu Y, Lyu X, Dong L, Zhang X. Lipoprotein subfractions in patients with sarcopenia and their relevance to skeletal muscle mass and func-
tion. Exp Gerontol. 2022;159:111668. https://doi.org/10.1016/j.exger.2021.111668 PMID: 34954281

	14.	 Jiang Y, Xu B, Zhang K, Zhu W, Lian X, Xu Y, et al. The association of lipid metabolism and sarcopenia among older patients: a cross-sectional 
study. Sci Rep. 2023;13(1):17538. https://doi.org/10.1038/s41598-023-44704-4 PMID: 37845303

	15.	 Han P, Chen X, Liang Z, Liu Y, Yu X, Song P, et al. Metabolic signatures and risk of sarcopenia in suburb-dwelling older individuals by LC-MS-
based untargeted metabonomics. Front Endocrinol (Lausanne). 2024;15:1308841. https://doi.org/10.3389/fendo.2024.1308841 PMID: 38962681

	16.	 Marques J, Shokry E, Uhl O, Baber L, Hofmeister F, Jarmusch S, et al. Sarcopenia: investigation of metabolic changes and its associated mecha-
nisms. Skelet Muscle. 2023;13(1):2. https://doi.org/10.1186/s13395-022-00312-w PMID: 36658632

	17.	 Cheng Y, Lin S, Cao Z, Yu R, Fan Y, Chen J. The role of chronic low-grade inflammation in the development of sarcopenia: Advances in molecular 
mechanisms. Int Immunopharmacol. 2025;147:114056. https://doi.org/10.1016/j.intimp.2025.114056 PMID: 39799736

	18.	 Calvani R, Joseph A-M, Adhihetty PJ, Miccheli A, Bossola M, Leeuwenburgh C, et al. Mitochondrial pathways in sarcopenia of aging and disuse 
muscle atrophy. Biol Chem. 2013;394(3):393–414. https://doi.org/10.1515/hsz-2012-0247 PMID: 23154422

	19.	 Studenski SA, Peters KW, Alley DE, Cawthon PM, McLean RR, Harris TB, et al. The FNIH sarcopenia project: rationale, study description, con-
ference recommendations, and final estimates. J Gerontol A Biol Sci Med Sci. 2014;69(5):547–58. https://doi.org/10.1093/gerona/glu010 PMID: 
24737557

	20.	 Yang J, Liu C, Zhao S, Wang L, Wu G, Zhao Z, et al. The association between the triglyceride-glucose index and sarcopenia: data from the 
NHANES 2011-2018. Lipids Health Dis. 2024;23(1):219. https://doi.org/10.1186/s12944-024-02201-1 PMID: 39030624

	21.	 Li D, Li J, Li Y, Dong W, Lin Z. Association between the cardiometabolic index and osteoporosis: a cross-sectional study of the NHANES. Front 
Public Health. 2024;12:1462169. https://doi.org/10.3389/fpubh.2024.1462169 PMID: 39421824

	22.	 Cai Z, Dong D. Association of the oxidative balance score with sarcopenia among young and middle-aged adults: findings from NHANES 2011-
2018. Front Nutr. 2024;11:1397429. https://doi.org/10.3389/fnut.2024.1397429 PMID: 38895657

	23.	 Yan L, Hu X, Wu S, Cui C, Zhao S. Association between the cardiometabolic index and NAFLD and fibrosis. Sci Rep. 2024;14(1):13194. https://doi.
org/10.1038/s41598-024-64034-3 PMID: 38851771

	24.	 Wen H, Deng H, Li B, Chen J, Zhu J, Zhang X, et al. Mitochondrial diseases: from molecular mechanisms to therapeutic advances. Signal Trans-
duct Target Ther. 2025;10(1):9. https://doi.org/10.1038/s41392-024-02044-3 PMID: 39788934

	25.	 Gu T, He Y, Zhou J, Qiu X, Yang W, Zhu Q, et al. CircFUNDC1 interacts with CDK9 to promote mitophagy in nucleus pulposus cells under oxida-
tive stress and ameliorates intervertebral disc degeneration. Cell Death Dis. 2025;16(1):94. https://doi.org/10.1038/s41419-025-07425-2 PMID: 
39948068

	26.	 Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyère O, Cederholm T, et al. Sarcopenia: revised European consensus on definition and diagnosis. 
Age Ageing. 2019;48(4):601. https://doi.org/10.1093/ageing/afz046 PMID: 31081853

	27.	 Golabi P, Gerber L, Paik JM, Deshpande R, de Avila L, Younossi ZM. Contribution of sarcopenia and physical inactivity to mortality in people with 
non-alcoholic fatty liver disease. JHEP Rep. 2020;2(6):100171. https://doi.org/10.1016/j.jhepr.2020.100171 PMID: 32964202

	28.	 Chen G-Q, Wang G-P, Lian Y. Relationships between depressive symptoms, dietary inflammatory potential, and sarcopenia: mediation analyses. 
Front Nutr. 2022;9:844917. https://doi.org/10.3389/fnut.2022.844917 PMID: 35252313

	29.	 Kong W, Xie Y, Hu J, Ding W, Cao C. Higher ultra processed foods intake is associated with low muscle mass in young to middle-aged adults: a 
cross-sectional NHANES study. Front Nutr. 2024;11:1280665. https://doi.org/10.3389/fnut.2024.1280665 PMID: 38439924

https://doi.org/10.1093/ageing/afy169
http://www.ncbi.nlm.nih.gov/pubmed/30312372
https://doi.org/10.1111/j.1532-5415.2004.52014.x
http://www.ncbi.nlm.nih.gov/pubmed/14687319
https://doi.org/10.1016/j.cca.2014.08.042
http://www.ncbi.nlm.nih.gov/pubmed/25199852
https://doi.org/10.1007/s40618-020-01417-z
http://www.ncbi.nlm.nih.gov/pubmed/32909175
https://doi.org/10.2147/VHRM.S251927
http://www.ncbi.nlm.nih.gov/pubmed/32612360
https://doi.org/10.3389/fendo.2023.1120277
http://www.ncbi.nlm.nih.gov/pubmed/36875460
https://doi.org/10.1007/s11255-023-03888-4
http://www.ncbi.nlm.nih.gov/pubmed/38063958
https://doi.org/10.3389/fendo.2022.1004855
http://www.ncbi.nlm.nih.gov/pubmed/36187093
https://doi.org/10.1016/j.exger.2021.111668
http://www.ncbi.nlm.nih.gov/pubmed/34954281
https://doi.org/10.1038/s41598-023-44704-4
http://www.ncbi.nlm.nih.gov/pubmed/37845303
https://doi.org/10.3389/fendo.2024.1308841
http://www.ncbi.nlm.nih.gov/pubmed/38962681
https://doi.org/10.1186/s13395-022-00312-w
http://www.ncbi.nlm.nih.gov/pubmed/36658632
https://doi.org/10.1016/j.intimp.2025.114056
http://www.ncbi.nlm.nih.gov/pubmed/39799736
https://doi.org/10.1515/hsz-2012-0247
http://www.ncbi.nlm.nih.gov/pubmed/23154422
https://doi.org/10.1093/gerona/glu010
http://www.ncbi.nlm.nih.gov/pubmed/24737557
https://doi.org/10.1186/s12944-024-02201-1
http://www.ncbi.nlm.nih.gov/pubmed/39030624
https://doi.org/10.3389/fpubh.2024.1462169
http://www.ncbi.nlm.nih.gov/pubmed/39421824
https://doi.org/10.3389/fnut.2024.1397429
http://www.ncbi.nlm.nih.gov/pubmed/38895657
https://doi.org/10.1038/s41598-024-64034-3
https://doi.org/10.1038/s41598-024-64034-3
http://www.ncbi.nlm.nih.gov/pubmed/38851771
https://doi.org/10.1038/s41392-024-02044-3
http://www.ncbi.nlm.nih.gov/pubmed/39788934
https://doi.org/10.1038/s41419-025-07425-2
http://www.ncbi.nlm.nih.gov/pubmed/39948068
https://doi.org/10.1093/ageing/afz046
http://www.ncbi.nlm.nih.gov/pubmed/31081853
https://doi.org/10.1016/j.jhepr.2020.100171
http://www.ncbi.nlm.nih.gov/pubmed/32964202
https://doi.org/10.3389/fnut.2022.844917
http://www.ncbi.nlm.nih.gov/pubmed/35252313
https://doi.org/10.3389/fnut.2024.1280665
http://www.ncbi.nlm.nih.gov/pubmed/38439924


PLOS One | https://doi.org/10.1371/journal.pone.0323905  May 15, 2025 14 / 15

	30.	 Das A, Cumming RG, Naganathan V, Blyth F, Le Couteur DG, Handelsman DJ, et al. Associations between nutrient intakes and dietary patterns 
with different sarcopenia definitions in older Australian men: the concord health and ageing in men project. Public Health Nutr. 2021;24(14):4490–
505. https://doi.org/10.1017/S1368980020003547 PMID: 33023717

	31.	 Wu X, Chen Z, Zhao Y, Ren H. Correlation and predictive value of novel anthropometric indicators with adult sarcopenia and sarcopenia obesity. 
Sci Rep. 2024;14(1):31776. https://doi.org/10.1038/s41598-024-82751-7 PMID: 39738342

	32.	 Du Y, Oh C, No J. Associations between sarcopenia and metabolic risk factors: a systematic review and meta-analysis. J Obes Metab Syndr. 
2018;27(3):175–85. https://doi.org/10.7570/jomes.2018.27.3.175 PMID: 31089560

	33.	 Jurdana M, Žiberna L. Sarcopenic obesity and hypertension in elderly patients: a narrative review of pathophysiology and management strategies. 
Ann Ist Super Sanita. 2023;59(3):231–9. https://doi.org/10.4415/ANN_23_03_10 PMID: 37712242

	34.	 Yang B, Yang J, Wong MM-H, Rana J, Yang Q, Chan V, et al. Trends in elevated waist-to-height ratio and waist circumference in U.S. adults and 
their associations with cardiometabolic diseases and cancer, 1999-2018. Front Nutr. 2023;10:1124468. https://doi.org/10.3389/fnut.2023.1124468 
PMID: 37113294

	35.	 Vella CA, Nelson MC, Unkart JT, Miljkovic I, Allison MA. Skeletal muscle area and density are associated with lipid and lipoprotein cholesterol 
levels: The Multi-Ethnic Study of Atherosclerosis. J Clin Lipidol. 2020;14(1):143–53. https://doi.org/10.1016/j.jacl.2020.01.002 PMID: 32061531

	36.	 Lee D-Y. Sex-specific sarcopenia prevalence and risk factors in the korean population: a cross-sectional epidemiological study. Medicina (Kaunas). 
2024;60(6):899. https://doi.org/10.3390/medicina60060899 PMID: 38929514

	37.	 He R, Ye Y, Zhu Q, Xie C. Association between non-high-density lipoprotein cholesterol to high-density lipoprotein cholesterol ratio and sarcopenia 
in individuals with cancer: a cross-sectional study. Lipids Health Dis. 2024;23(1):217. https://doi.org/10.1186/s12944-024-02205-x PMID: 39014376

	38.	 Yoon JW, Ha YC, Kim KM, Moon JH, Choi SH, Lim S, et al. Hyperglycemia is associated with impaired muscle quality in older men with diabe-
tes: the Korean longitudinal study on health and aging. Diabetes Metab J. 2016;40(2):140–6. https://doi.org/10.4093/dmj.2016.40.2.140 PMID: 
27126884

	39.	 Howard EE, Shankaran M, Evans WJ, Berryman CE, Margolis LM, Lieberman HR, et al. Effects of testosterone on mixed-muscle protein synthe-
sis and proteome dynamics during energy deficit. J Clin Endocrinol Metab. 2022;107(8):e3254–63. https://doi.org/10.1210/clinem/dgac295 PMID: 
35532889

	40.	 Wu X, Zhang Y, Zhang X. Association between serum testosterone level and cardiovascular health in US male adults: results from the 2013-2016 
NHANES. J Sex Med. 2025;22(2):265–73. https://doi.org/10.1093/jsxmed/qdae196 PMID: 39756885

	41.	 Liao J, Wang L, Duan L, Gong F, Zhu H, Pan H, et al. Insulin resistance surrogates are associated with all-cause mortality and cardiovascular mor-
tality in population with metabolic syndrome: a retrospective cohort study of NHANES. Sci Rep. 2025;15(1):4706. https://doi.org/10.1038/s41598-
025-88296-7 PMID: 39922866

	42.	 Xu B, Wu Q, Yin G, Lu L, La R, Zhang Y, et al. Associations of cardiometabolic index with diabetic statuses and insulin resistance: the mediating 
role of inflammation-related indicators. BMC Public Health. 2024;24(1):2736. https://doi.org/10.1186/s12889-024-20048-0 PMID: 39379887

	43.	 Wu Y, Yang Y, Du C, Peng X, Fan W, Chang B, et al. Berberine attenuates obesity-induced skeletal muscle atrophy via regulation of FUNDC1 in 
skeletal muscle of mice. Sci Rep. 2025;15(1):4918. https://doi.org/10.1038/s41598-025-89297-2 PMID: 39930016

	44.	 Tilg H, Ianiro G, Gasbarrini A, Adolph TE. Adipokines: masterminds of metabolic inflammation. Nat Rev Immunol. 2025;25(4):250–65. https://doi.
org/10.1038/s41577-024-01103-8 PMID: 39511425

	45.	 Metz CN, Brines M, Xue X, Chatterjee PK, Adelson RP, Roth J, et al. Increased plasma lipopolysaccharide-binding protein and altered inflamma-
tory mediators reveal a pro-inflammatory state in overweight women. BMC Womens Health. 2025;25(1):57. https://doi.org/10.1186/s12905-025-
03588-4 PMID: 39930423

	46.	 Feng Y, Rao Z, Tian X, Hu Y, Yue L, Meng Y, et al. Endurance training enhances skeletal muscle mitochondrial respiration by promoting MOTS-c 
secretion. Free Radic Biol Med. 2025;227:619–28. https://doi.org/10.1016/j.freeradbiomed.2024.12.038 PMID: 39706498

	47.	 Chen S, Li Q, Shi H, Li F, Duan Y, Guo Q. New insights into the role of mitochondrial dynamics in oxidative stress-induced diseases. Biomed Phar-
macother. 2024;178:117084. https://doi.org/10.1016/j.biopha.2024.117084 PMID: 39088967

	48.	 Senoner T, Dichtl W. Oxidative stress in cardiovascular diseases: still a therapeutic target?. Nutrients. 2019;11(9):2090. https://doi.org/10.3390/
nu11092090 PMID: 31487802

	49.	 Jin S, Kang PM. A systematic review on advances in management of oxidative stress-associated cardiovascular diseases. Antioxidants (Basel). 
2024;13(8):923. https://doi.org/10.3390/antiox13080923 PMID: 39199169

	50.	 Ji J-J, Zhao M-J, Xiao M-L, Zhang H-E, Tan Q, Cheng Y-R, et al. Association between relative muscle strength and cardiovascular disease among 
middle-aged and older adults in China. BMC Public Health. 2024;24(1):1928. https://doi.org/10.1186/s12889-024-19473-y PMID: 39026227

	51.	 Roodbeen R, Vreke A, Boland G, Rademakers J, van den Muijsenbergh M, Noordman J, et al. Communication and shared decision-making with 
patients with limited health literacy; helpful strategies, barriers and suggestions for improvement reported by hospital-based palliative care provid-
ers. PLoS One. 2020;15(6):e0234926. https://doi.org/10.1371/journal.pone.0234926 PMID: 32559237

	52.	 Marteau TM, Rutter H, Marmot M. Changing behaviour: an essential component of tackling health inequalities. BMJ. 2021;372:n332. https://doi.
org/10.1136/bmj.n332 PMID: 33568384

https://doi.org/10.1017/S1368980020003547
http://www.ncbi.nlm.nih.gov/pubmed/33023717
https://doi.org/10.1038/s41598-024-82751-7
http://www.ncbi.nlm.nih.gov/pubmed/39738342
https://doi.org/10.7570/jomes.2018.27.3.175
http://www.ncbi.nlm.nih.gov/pubmed/31089560
https://doi.org/10.4415/ANN_23_03_10
http://www.ncbi.nlm.nih.gov/pubmed/37712242
https://doi.org/10.3389/fnut.2023.1124468
http://www.ncbi.nlm.nih.gov/pubmed/37113294
https://doi.org/10.1016/j.jacl.2020.01.002
http://www.ncbi.nlm.nih.gov/pubmed/32061531
https://doi.org/10.3390/medicina60060899
http://www.ncbi.nlm.nih.gov/pubmed/38929514
https://doi.org/10.1186/s12944-024-02205-x
http://www.ncbi.nlm.nih.gov/pubmed/39014376
https://doi.org/10.4093/dmj.2016.40.2.140
http://www.ncbi.nlm.nih.gov/pubmed/27126884
https://doi.org/10.1210/clinem/dgac295
http://www.ncbi.nlm.nih.gov/pubmed/35532889
https://doi.org/10.1093/jsxmed/qdae196
http://www.ncbi.nlm.nih.gov/pubmed/39756885
https://doi.org/10.1038/s41598-025-88296-7
https://doi.org/10.1038/s41598-025-88296-7
http://www.ncbi.nlm.nih.gov/pubmed/39922866
https://doi.org/10.1186/s12889-024-20048-0
http://www.ncbi.nlm.nih.gov/pubmed/39379887
https://doi.org/10.1038/s41598-025-89297-2
http://www.ncbi.nlm.nih.gov/pubmed/39930016
https://doi.org/10.1038/s41577-024-01103-8
https://doi.org/10.1038/s41577-024-01103-8
http://www.ncbi.nlm.nih.gov/pubmed/39511425
https://doi.org/10.1186/s12905-025-03588-4
https://doi.org/10.1186/s12905-025-03588-4
http://www.ncbi.nlm.nih.gov/pubmed/39930423
https://doi.org/10.1016/j.freeradbiomed.2024.12.038
http://www.ncbi.nlm.nih.gov/pubmed/39706498
https://doi.org/10.1016/j.biopha.2024.117084
http://www.ncbi.nlm.nih.gov/pubmed/39088967
https://doi.org/10.3390/nu11092090
https://doi.org/10.3390/nu11092090
http://www.ncbi.nlm.nih.gov/pubmed/31487802
https://doi.org/10.3390/antiox13080923
http://www.ncbi.nlm.nih.gov/pubmed/39199169
https://doi.org/10.1186/s12889-024-19473-y
http://www.ncbi.nlm.nih.gov/pubmed/39026227
https://doi.org/10.1371/journal.pone.0234926
http://www.ncbi.nlm.nih.gov/pubmed/32559237
https://doi.org/10.1136/bmj.n332
https://doi.org/10.1136/bmj.n332
http://www.ncbi.nlm.nih.gov/pubmed/33568384


PLOS One | https://doi.org/10.1371/journal.pone.0323905  May 15, 2025 15 / 15

	53.	 Murakami K, Kuriyama S, Hashimoto H. Economic, cognitive, and social paths of education to health-related behaviors: evidence from a 
population-based study in Japan. Environ Health Prev Med. 2023;28:9. https://doi.org/10.1265/ehpm.22-00178 PMID: 36709974

	54.	 Lopez-Pedrosa JM, Camprubi-Robles M, Guzman-Rolo G, Lopez-Gonzalez A, Garcia-Almeida JM, Sanz-Paris A, et al. The vicious cycle of type 
2 diabetes mellitus and skeletal muscle atrophy: clinical, biochemical, and nutritional bases. Nutrients. 2024;16(1):172. https://doi.org/10.3390/
nu16010172 PMID: 38202001

	55.	 Sokolowska E, Blachnio-Zabielska A. The Role of Ceramides in Insulin Resistance. Front Endocrinol (Lausanne). 2019;10:577. https://doi.
org/10.3389/fendo.2019.00577 PMID: 31496996

	56.	 Koliaki C, Liatis S, Dalamaga M, Kokkinos A. Sarcopenic Obesity: Epidemiologic Evidence, Pathophysiology, and Therapeutic Perspectives. Curr 
Obes Rep. 2019;8(4):458–71. https://doi.org/10.1007/s13679-019-00359-9 PMID: 31654335

	57.	 Huang Z, Zhong L, Zhu J, Xu H, Ma W, Zhang L, et al. Inhibition of IL-6/JAK/STAT3 pathway rescues denervation-induced skeletal muscle atrophy. 
Ann Transl Med. 2020;8(24):1681. https://doi.org/10.21037/atm-20-7269 PMID: 33490193

	58.	 Fang W-Y, Tseng Y-T, Lee T-Y, Fu Y-C, Chang W-H, Lo W-W, et al. Triptolide prevents LPS-induced skeletal muscle atrophy via inhibiting NF-κB/
TNF-α and regulating protein synthesis/degradation pathway. Br J Pharmacol. 2021;178(15):2998–3016. https://doi.org/10.1111/bph.15472 PMID: 
33788266

	59.	 Zanders L, Kny M, Hahn A, Schmidt S, Wundersitz S, Todiras M, et al. Sepsis induces interleukin 6, gp130/JAK2/STAT3, and muscle wasting. J 
Cachexia Sarcopenia Muscle. 2022;13(1):713–27. https://doi.org/10.1002/jcsm.12867 PMID: 34821076

	60.	 Den Hartogh DJ, MacPherson REK, Tsiani E. Muscle cell palmitate-induced insulin resistance, JNK, IKK/NF-κB, and STAT3 activation are attenu-
ated by carnosic and rosmarinic acid. Appl Physiol Nutr Metab. 2025;50:1–14. https://doi.org/10.1139/apnm-2024-0302 PMID: 39805098

	61.	 Toyoshima Y, Nakamura K, Taguchi Y, Tokita R, Takeuchi S, Osawa H, et al. Deletion of IRS-1 leads to growth failure and insulin resistance with 
downregulation of liver and muscle insulin signaling in rats. Sci Rep. 2025;15(1):649. https://doi.org/10.1038/s41598-024-84234-1 PMID: 39779784

	62.	 Forrester SJ, Kikuchi DS, Hernandes MS, Xu Q, Griendling KK. Reactive oxygen species in metabolic and inflammatory signaling. Circ Res. 
2018;122(6):877–902. https://doi.org/10.1161/CIRCRESAHA.117.311401 PMID: 29700084

	63.	 Kakimoto PA, Serna JDC, de Miranda Ramos V, Zorzano A, Kowaltowski AJ. Increased glycolysis is an early consequence of palmitate lipotoxicity 
mediated by redox signaling. Redox Biol. 2021;45:102026. https://doi.org/10.1016/j.redox.2021.102026 PMID: 34102573

	64.	 Jacob L, Gyasi RM, Oh H, Smith L, Kostev K, López Sánchez GF, et al. Leisure-time physical activity and sarcopenia among older adults from low- 
and middle-income countries. J Cachexia Sarcopenia Muscle. 2023;14(2):1130–8. https://doi.org/10.1002/jcsm.13215 PMID: 36872652

https://doi.org/10.1265/ehpm.22-00178
http://www.ncbi.nlm.nih.gov/pubmed/36709974
https://doi.org/10.3390/nu16010172
https://doi.org/10.3390/nu16010172
http://www.ncbi.nlm.nih.gov/pubmed/38202001
https://doi.org/10.3389/fendo.2019.00577
https://doi.org/10.3389/fendo.2019.00577
http://www.ncbi.nlm.nih.gov/pubmed/31496996
https://doi.org/10.1007/s13679-019-00359-9
http://www.ncbi.nlm.nih.gov/pubmed/31654335
https://doi.org/10.21037/atm-20-7269
http://www.ncbi.nlm.nih.gov/pubmed/33490193
https://doi.org/10.1111/bph.15472
http://www.ncbi.nlm.nih.gov/pubmed/33788266
https://doi.org/10.1002/jcsm.12867
http://www.ncbi.nlm.nih.gov/pubmed/34821076
https://doi.org/10.1139/apnm-2024-0302
http://www.ncbi.nlm.nih.gov/pubmed/39805098
https://doi.org/10.1038/s41598-024-84234-1
http://www.ncbi.nlm.nih.gov/pubmed/39779784
https://doi.org/10.1161/CIRCRESAHA.117.311401
http://www.ncbi.nlm.nih.gov/pubmed/29700084
https://doi.org/10.1016/j.redox.2021.102026
http://www.ncbi.nlm.nih.gov/pubmed/34102573
https://doi.org/10.1002/jcsm.13215
http://www.ncbi.nlm.nih.gov/pubmed/36872652

