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Background: Current epidemiological evidence points to an association 
between micronutrient (MN) intake and sarcopenia, but studies have focused on 
single MN, and no combined effects on MNs have been reported. The aim of this 
study was to investigate the relationship between different MN intake patterns 
and sarcopenia and skeletal muscle mass.

Methods: We performed a population-based cross-sectional study, with a 
total of 5,256  U.S. adults aged 20–59  years, and we  collected total daily MN 
intake and appendicular skeletal muscle mass measured by Dual-Energy X-ray 
Absorptiometry (DXA). Principal component analysis (PCA) was used to obtain 
nutrient patterns and principal component scores based on the intake of 14 
MNs, and logistic regression analysis was used to assess the effects of single MN 
and MN intake patterns on sarcopenia and muscle mass.

Results: We defined three MN intake patterns by PCA: (1) adherence to VitB-
mineral, high intake of vitamin B and minerals; (2) adherence to VitAD-Ca-VB12, 
high intake of vitamin A, vitamin D, calcium and vitamin B12; and (3) adherence 
to Antioxidant Vit, high intake of antioxidant vitamins A, C, E, and K. These three 
nutrient patterns explained 73.26% of the variance of the population. A negative 
association was observed between most single MN intakes and sarcopenia, and 
after adjusting for confounders, adherence to the highest tertile of the three 
nutrient patterns was associated with a lower risk of sarcopenia and relatively 
higher skeletal muscle mass compared to the lowest adherence. In subgroup 
analysis, MN intake patterns were significantly correlated with sarcopenia in 
middle-aged females.

Conclusion: Nutritional patterns based on MN intake were significantly related 
to sarcopenia, indicating that MNs interact with each other while exerting 
their individual functions, and that MN dietary patterns may provide promising 
strategies for preventing the loss of muscle mass, with further prospective 
studies warranted in the future.
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1 Introduction

Sarcopenia refers to the progressive decline of skeletal muscle 
mass and strength associated with aging (1). As a major 
contributor to physical frailty and disability in later life, sarcopenia 
has become a critical public health challenge with the rapid 
growth of aging population worldwide (2, 3). The etiology and 
pathogenesis of sarcopenia are multi-factorial, involving skeletal 
muscle changes, neurological deterioration, endocrine disorder, 
chronic inflammation, oxidative stress, malnutrition, and reduced 
physical activity (4). Nutritional intervention is one of the 
cornerstones in the management of sarcopenia, whereas greater 
attention is focused on protein and energy metabolism as well as 
the role of essential amino acids and their metabolites. In 
recent years, inadequate dietary intake and status of 
micronutrients (MNs) including vitamins and minerals have 
emerged as potentially modifiable risks for sarcopenia (5), 
which implies that MNs could be  a promising target for 
sarcopenia intervention.

MNs deficiency is a nutritional and health problem of the 
world, and has been associated with a wide range of diseases and 
frailty (6). Supplementation with MNs is an important part of 
enteral nutrition (EN) and parenteral nutrition (PN). MNs such as 
vitamin D (VD), antioxidants, B vitamins and minerals play 
indispensable roles in maintaining muscle health via regulating 
mitochondrial biogenesis, redox homeostasis, protein metabolism 
and neuromuscular function (7–10). For example, several 
population-based studies have found an association of reduced 
levels of B vitamins and VD and myasthenia and muscle mass loss 
(11–14). Observational studies have associated insufficient blood 
levels or dietary consumption of antioxidants (15) and minerals 
(16, 17) with accelerated loss of muscle mass and strength. 
However, intervention trials testing single MN supplementation 
show inconsistent results (18, 19), and available evidence for 
individual MN remains limited and mixed.

Dietary pattern analysis provides a comprehensive approach to 
examine cumulative and interactive effects of overall food and 
nutrient intake (20). Recent research applying this methodology 
has revealed healthful dietary patterns abundant in fruits, 
vegetables, fish and whole grains may help preserve muscle 
integrity in older adults (21). Nonetheless, studies delineating the 
relationship between whole-diet MN patterns and sarcopenia 
prevalence are still scarce. Furthermore, the potential impact of 
MN intake on muscle aging process across life course is much less 
studied compared to old age (22). Sarcopenia is increasingly 
recognized to develop progressively from midlife, concurrent with 
decline and imbalance of multiple physiological systems (23, 24). 
Ensuring adequate MN status starting from early stages may help 
mitigate sarcopenic risk (25). Using National Health and Nutrition 
Examination Survey (NHANES) 2011–2014, this present cross-
sectional study for the first time identified three major dietary MN 
patterns and examined their associations with sarcopenia 
prevalence and muscle mass in US adults aged 20–59 years. 
Elucidating the link between MN patterns and muscle aging in 
younger and middle-aged populations would provide significant 
insights into possible timely nutritional strategies against 
sarcopenia across adulthood.

2 Methods

2.1 Study design and participants

The cross-sectional study collected NHANES data representing 
the national non-institutionalized U.S. population in two cycles from 
2011 to 2014, which were obtained through household interviews, 
Mobile Examination Center (MEC), and laboratory tests.1 A total of 
19,931 participants were sampled, with the following inclusion 
criteria: (1) adults aged≥20 years and < 60 years; (2) with complete 
dietary intake and Dual-Energy X-ray Absorptiometry (DXA) whole-
body scans; and (3) with complete baseline characteristics and 
questionnaires. The flow diagram of selection and exclusion of 
participants was shown in Figure 1, with a total of 5,256 participants 
enrolled in the study eventually. The NHANES protocol was approved 
by the Research Ethics Review Board of the National Center for 
Health Statistics (NCHS), and all participants signed informed 
consent forms.

2.2 Nutrient intake measurement

During the survey, a 24-h dietary recall was conducted by trained 
dietary interviewers to obtain Total Nutrient Intakes for the first 24 h 
collected by the MEC. We collected intakes of vitamins including 
Vitamin A, niacin (Vitamin B3, VB3), Vitamin B6 (VB6), folate 
(Vitamin B9, VB9), Vitamin B12 (VB12), Vitamin C, VD, Vitamin E, 
Vitamin K, and minerals including calcium (Ca), phosphorus (P), iron 
(Fe), zinc (Zn), and selenium (Se) of each participant. In addition, 
we  obtained the intake of four macronutrients (energy, protein, 
carbohydrates, and total fat) from all subjects. The dietary data were 
collected and estimated jointly by the U.S. Department of Agriculture 
(USDA) and the U.S. Department of Health and Human 
Services (DHHS).

2.3 Assessment of sarcopenia

Appendicular skeletal muscle mass (ASM) were measured using 
DXA whole-body scans, which were obtained on a Hologic Discovery 
Model A densitometer (Hologic, Inc., Bedford, Massachusetts) using 
software version Apex 3.2. More detailed information of the DXA 
examination protocol is documented on the NHANES website.2 
Appendicular lean tissue mass (ALM) was obtained by summing the 
lean tissue mass of the four limbs, and the ratio of ALM (kg) to body 
mass index (BMI, kg/m2) was used to define sarcopenia (<0.789 in 
males and <0.512 in females) according to the diagnostic criteria of 
the Foundation for the National Institutes of Health (FNIH) (26), 
which was used in several studies (27, 28).

1 http://www.cdc.gov/nchs/nhanes

2 https://search.cdc.gov/search/index.html?query=DXA&siteLimit=NC

HS&dpage=1
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2.4 Covariates

Data on sociodemographic and individual behavioral 
characteristics, including age, sex, race, BMI, education level, 
smoking status, drinking history, recreational physical activity, and 
comorbidities (hypertension, diabetes, cardiovascular disease, and 
cancer) were collected through household interviews. The 
populations were categorized into 4 racial groups (non-Hispanic 
white, non-Hispanic black, Mexican American, and others) and 3 
educational groups (less than high school, high school, and above 
high school). BMI was calculated by dividing weight (kg) by square 
of height (m2) and people were divided into underweight (<18.5 kg/
m2), normal weight (18.5–24.9 kg/m2), overweight (25–29.9 kg/m2) 
and obese (≥30 kg/m2). Smoking status was classified into three 
categories: never (smoking less than 100 cigarettes in life), ever 
(smoking more than 100 cigarettes in life, currently do not smoke 
at all), and now (smoking more than 100 cigarettes in life, currently 
smoke). People were categorized into drinkers and non-drinkers 
based on whether they had more than 12 drinks in 1 year. 
Recreational physical activity was divided into sedentary (MET = 0), 
insufficient (0 < MET≤500), moderate (500 < MET≤1,000), and 
high (MET>1,000) by metabolic equivalent (MET)-minutes 
per week.

Diagnostic criteria for hypertension: (1) Have you been told by a 
doctor or health professional that you have hypertension? (2) Ever 
used antihypertensive drugs; (3) Systolic blood pressure ≥ 140 mmHg 
and diastolic blood pressure ≥ 90 mmHg in three blood 
pressure measurements.

Diagnostic criteria for diabetes: (1) Have you  been told by a 
doctor or health professional that you have diabetes? (2) Glycosylated 
hemoglobin (HbA1c) ≥6.5 mmol/L; (3) Fasting blood glucose 
(GHLU) ≥ 7.0 mmol/L; (4) Ever used anti-diabetic drugs.

2.5 Statistical analysis

We used principal component analysis (PCA) to assess MN intake 
patterns of participants over 2 cycles, vitamins and minerals were 
log-transformed and normalized sequentially for factor analysis. 
Sample adequacy was tested using the Kaiser-Meyer-Olkin (KMO) 
test, and varimax rotation was performed using the maximum 
variance method to obtain nutrient-based factor loadings. A scree plot 
was used to identify major patterns (eigenvalues >1), and the top 3 
principal components with relatively high variance explained were 
selected as the main MN patterns (Figure 2). Nutrients with factor 
loadings ≥0.4 were considered to be  major contributors. Then 
we calculated the principal component scores for each pattern, and 
each principal component score was categorized into tertiles for 
subsequent statistical analyses, with the highest tertile of participants 
considered most adherent to this nutrient intake pattern.

MN and macronutrient intakes were all log-transformed to ensure 
normal distribution, and one-way analysis of variance (ANOVA) and 
chi-square tests were used to characterize differences in baseline 
characteristics. MN and macronutrient intakes were expressed as 
mean (standard error, SE), and demographic characteristics were 
expressed as median (interquartile, IQR) or number (percentage). 
Restricted cubic spline (RCS) was used to examine the non-linear 
relationship between single MN and sarcopenia. Multivariate logistic 
regression was used to analyze the relationship between single MN 
and nutrient intake patterns and sarcopenia, and linear regression was 
used to assess the relationship between nutrient patterns and 
BMI-corrected ASM. Here we controlled for confounders. Model 1: 
adjusted for sex, age, race, and BMI. Model 2: adjusted for model 1 
and education level, physical activity, smoking status, and drinking 
history. Model 3: adjusted for model 2 and hypertension, diabetes, 
cardiovasular disease, and cancer. In addition, we conducted subgroup 

FIGURE 1

Flow diagram for the selection of participants in NHANES 2011–2014.
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analyses for age and sex, separately. p-values were considered 
significant at <0.05. All analyses were performed using SPSS 25.0 and 
R Studio (Version 4.3.2).

3 Results

3.1 Baseline characteristics of all 
participants

Five thousand two hundred and fifty-six participants were 
enrolled in the study, ranging in age from 20 to 59  years, with a 
predominance of non-Hispanic whites and approximately the same 
proportion of males and females. The majority (82.67%) had a high 
school or higher education, and more than half of the populations 
(67.87%) were overweight or obese. A total of 398 (7.57%) had 
sarcopenia, and age, race, education, BMI, smoking status, drinking 
history, physical activity, and hypertension, diabetes, and 
cardiovascular disease differed significantly between sarcopenic and 
non-sarcopenic populations, as detailed in Table 1.

3.2 MN-intake patterns assessment

We identified three major MN intake patterns using PCA with a 
KMO test of 0.889. Table 2 showed the matrix of all MN compositions 
as well as their respective factor loadings. The VitB-mineral pattern 
was characterized by high intake of VB and minerals, and the 

VitAD-Ca-VB12 pattern was high in VA, VD, Ca and VB12. The 
Antioxidant Vit pattern showed high positive factor loadings of VA, 
VC, VE and VK possessing antioxidant properties. These three 
recognizable patterns explained 73.26% of the variance. General 
characteristics of participants across tertiles of nutrient-based pattern 
scores are indicated in Supplementary Table S1. Overall, regardless of 
any nutrient pattern, participants who adhered in higher MN intake 
were more likely to be younger, males, and non-Hispanic Whites, and 
were more likely to be current smokers and have a history of alcohol 
consumption. In addition, participants with adherence to higher 
VitAD-Ca-VB12 patterns were more educated.

3.3 Associations between single MN and 
sarcopenia

The correlations between MN intake were shown in Figure 3, 
where VB shows moderate or strong correlation with minerals. For 
either nutrient intake pattern, subjects in the highest tertile had higher 
intakes of various vitamins and minerals compared to those in the 
lowest (Supplementary Table S2). We  also found that those who 
adhered to a higher nutrient intake pattern were more likely to  
take in more macronutrients, such as energy and protein 
(Supplementary Table S3). The association between single MN and 
sarcopenia was illustrated in Supplementary Table S3, where, after 
adjusting for variables at baseline (Model 3), those with higher MN 
intake were less likely to have sarcopenia, except for VC and VD. After 
classification by tertiles, higher intake of MN other than VB6 and VC 

FIGURE 2

Factor loadings of micronutrients corresponding to micronutrient patterns.

https://doi.org/10.3389/fnut.2024.1301831
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Liu et al. 10.3389/fnut.2024.1301831

Frontiers in Nutrition 05 frontiersin.org

was associated with a lower prevalence of sarcopenia, as shown in 
Supplementary Figure S1. Furthermore, we  observed a linear 
relationship between nutrients and sarcopenia, with the exception of 
VE and P, as shown in Figure 4.

3.4 Associations between nutrient patterns 
and sarcopenia

MN intake patterns with sarcopenia in the multivariate logistic 
regression analysis and with BMI-corrected ASM in the linear 
regression analysis were presented in Table 3. Results showed that after 
adjustment for confounders, participants adhering to higher VitB-
mineral patterns, VitAD-Ca-VB12 patterns, and Antioxidant Vit 

patterns were associated with a reduced incidence of sarcopenia and 
a higher level of ASM compared to the lowest tertile (Figure  5; 
Table  3). Subgroup analyses showed that MN intake patterns in 
middle-aged females were significantly correlated with sarcopenia, 
which was at a lower risk in subjects with higher adherence (VitB-
mineral, p = 0.008; VitAD-Ca-VB12, p = 0.008; Antioxidant Vit, 
p = 0.006), whereas no such association was observed in the other 
subgroups (Table 4).

4 Discussion

In this cross-sectional study based on the US populations, 
we identified three major dietary MN patterns and examined their 

TABLE 1 Baseline characteristics of the total population and grouped by sarcopenia.

Characteristics, N (%) Overall (N  =  5,256) Sarcopenia Non-sarcopenia p value

Age (years) <0.001

≥40 2,530 (48.14%) 245 (61.6%) 2,285 (47.0%)

<40 2,726 (51.86%) 153 (38.4%) 2,573 (53.0%)

Sex, male 2,698 (51.33%) 199 (50.0%) 2,499 (51.4%) 0.580

Race <0.001

Mexican American 665 (12.65%) 113 (28.4%) 552 (11.4%)

Non-Hispanic White 2097 (39.90%) 138 (34.7%) 1959 (40.3%)

Non-Hispanic Black 1,151 (21.90%) 30 (7.5%) 1,121 (23.1%)

Others 1,343 (25.55%) 117 (29.4%) 1,226 (25.2%)

Education level <0.001

Below high school 911 (17.33%) 103 (25.9%) 808 (16.6%)

High school 1,132 (21.54%) 105 (26.4%) 1,027 (21.1%)

Above high school 3,213 (61.13%) 190 (47.7%) 3,023 (62.2%)

BMI <0.001

<18.5 kg/m2 95 (1.81%) 3 (0.8%) 92 (1.9%)

18.5–24.9 kg/m2 1,594 (30.33%) 31 (7.8%) 1,563 (32.2%)

25–29.9 kg/m2 1,696 (32.27%) 91 (22.9%) 1,605 (33.0%)

≥30 kg/m2 1871 (35.60%) 273 (68.6%) 1,598 (32.9%)

Smoking status 0.001

Never 3,131 (59.57%) 249 (62.6%) 2,882 (59.3%)

Ever 876 (16.67%) 82 (20.6%) 794 (16.3%)

Current 1,249 (23.76%) 67 (16.8%) 1,182 (24.3%)

Drinking history (yes) 4,048 (77.02%) 266 (66.8%) 3,782 (77.9%) <0.001

Recreational physical activity <0.001

Sedentary 2,888 (54.95%) 248 (62.3%) 2,640 (54.3%)

Insufficient 1,175 (22.36%) 55 (13.8%) 1,120 (23.1%)

Moderate 652 (12.40%) 54 (13.6%) 598 (12.3%)

High 541 (10.29%) 41 (10.3%) 500 (10.3%)

Hypertension (yes) 1,312 (24.96%) 144 (36.2%) 1,168 (24.0%) <0.001

Diabetes (yes) 674 (12.82%) 107 (26.9%) 567 (11.7%) <0.001

Cardiovasular disease (yes) 96 (1.83%) 15 (3.8%) 81 (1.7%) 0.003

Cancer (yes) 203 (3.86%) 19 (4.8%) 184 (3.8%) 0.326

Values were presented as number (%). BMI, body mass index.
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FIGURE 3

Correlations among intakes of micronutrients.

TABLE 2 Factor loading matrix for the major micronutrient intake patterns in NHANES.

VitB-mineral VitAD-Ca-VB12 Antioxidant Vit

Vitamin E 0.534 0.133 0.591

Vitamin A 0.247 0.626 0.527

Vitamin B3 0.91 0.104 0.131

Vitamin B6 0.769 0.19 0.286

Vitamin B9 0.642 0.279 0.437

Vitamin B12 0.593 0.608 −0.019

Vitamin C 0.06 0.135 0.761

Vitamin D 0.178 0.855 0.039

Vitamin K 0.247 0.032 0.808

Ca 0.41 0.702 0.261

P 0.746 0.477 0.244

Fe 0.734 0.32 0.317

Zn 0.768 0.39 0.174

Se 0.798 0.286 0.138

Percent of variance explained 36.54% 19.37% 17.34%

Total variance explained 73.26%

Factor loadings with absolute values ≥0.4 are highlighted with bold text and are considered significant contributors in each pattern.
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associations with sarcopenia risk and low muscle mass among US 
adults aged 20–59 years. Since food contains a variety of MNs and 
assessing the effect of one single MN on sarcopenia is incomplete, 
we considered overall nutrient intake patterns by PCA, and found that 
not only was most single MN intake associated with sarcopenia, but 
intakes in the higher tertiles of the VitB-mineral pattern, the VitAD-
Ca-VB12 pattern, and the Antioxidant Vit pattern also showed 
significant correlations with reduced risk of sarcopenia and increased 
skeletal muscle mass. Our research aimed to explore the association 
of nutritional supplementation with reducing muscle atrophy and 
improving muscle functions.

The VitB-mineral pattern contained B vitamins, Fe, Zn and Se, 
and we  found that adherence to the VitB-mineral pattern was 
associated with lower incidence of sarcopenia and higher muscle 
mass. As essential cofactors, B vitamins facilitate mitochondrial 
function and energy production needed for muscle protein synthesis 
(8, 29). They also aid neuromuscular signaling critical for muscle 
performance (30). Studies suggest B vitamins deficiency may lead to 
impaired mitochondrial function, reduced muscle anabolism and 
compromised neuromuscular integrity (8, 9). Most present studies 
have focused on the correlation between vitamins B6, B12, and folic 
acid and sarcopenia, with little work on the remaining B vitamins 
and sarcopenia. Verlaan et al. found that patients with sarcopenia 
had a 22% lower intake of VB12 and a 15% reduction in serum 
concentrations of VB12 (31). And higher intake of VB6 was also 
associated with a lower incidence of sarcopenia (32). In addition, 

higher levels of homocysteine (hcy) are associated with decreased 
muscle strength and gait speed, while VB6, VB9, and VB12 may 
be  beneficial in the prevention of sarcopenia by promoting hcy 
metabolism and reducing plasma hcy levels (33). Zn and Se boost 
endogenous antioxidant enzymes to mitigate oxidative damage in 
muscle (7). Studies have shown that adequate intake of minerals may 
prevent muscle loss (34). Actually, we  also included vitamin B1 
(VB1) as an indicator during the initial selection, but results of the 
KMO test and variance interpretation were lower with the addition 
of VB1 in PCA, and it was unable to differentiate nutritional patterns 
for various MNs, which was not conducive to the subsequent 
analyses. Based on the above considerations, we excluded VB1. VB1 
is a coenzyme of pyruvate dehydrogenase, which is associated with 
mitochondrial glucose metabolism and neurological functional 
integrity (8). Few studies have been conducted on the association 
between VB1 and sarcopenia, and the correlation between the two 
is still controversial (35, 36). In the present study, VB1 reduced the 
interpretation of the results, which we consider may be related to the 
inadequacy of the included population and recall bias during the 
investigation, thereby more large-scale studies are needed to explore 
the relationship between VB1 intake and muscle function. Overall, 
we  found that increased intake of VitB-mineral patterns was 
associated with a decreased prevalence of sarcopenia, which 
suggested that B vitamins exerted a muscular protective effect, and 
that a proper increase in B vitamins intake could help to minimize 
muscle loss.

FIGURE 4

Adjusted OR (95%CI) between intakes of micronutrients and sarcopenia. (A–N) Represented the association of vitamin A, vitamin B3, vitamin B6, 
vitamin B9, vitamin B12, vitamin C, vitamin D, vitamin E, vitamin K, Ca, P, Fe, Zn, Se and sarcopenia, respectively. Adjusted for sex, age, race, BMI, 
education level, physical activity, smoking status, drinking history, hypertension, diabetes, cardiovasular disease, and cancer. BMI, body mass index.
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The VitAD-Ca-VB12 pattern represents bone and muscle-related 
nutrients. Although no correlation was observed between VD intake 
and sarcopenia in our study, adherence to higher VitAD-Ca-VB12 

pattern was associated with a reduced risk of sarcopenia. VD helps 
maintain Ca homeostasis and regulates gene expression involved in 
muscle growth via VD receptors (VDR) (37). Ca acts by stimulating 

TABLE 3 Logistic and linear regression analyses of association between micronutrient patterns and sarcopenia or BMI-corrected ASM.

Model 1 Model 2 Model 3

Sarcopenia β/OR (95%CI) p β/OR (95%CI) p β/OR (95%CI) p

VitB-mineral

Q1 Reference 0.016 Reference 0.044 Reference 0.04

Q2 0.809 (0.626–1.046) 0.106 0.847 (0.654–1.098) 0.21 0.840 (0.648–1.089) 0.187

Q3 0.661 (0.498–0.877) 0.004 0.696 (0.524–0.925) 0.013 0.692 (0.521–0.920) 0.011

VitAD-Ca-VB12

Q1 Reference 0.002 Reference 0.006 Reference 0.006

Q2 0.783 (0.611–1.005) 0.055 0.823 (0.640–1.058) 0.129 0.815 (0.633–1.048) 0.11

Q3 0.591 (0.440–0.795) 0.001 0.617 (0.458–0.831) 0.001 0.614 (0.456–0.827) 0.001

Antioxidant Vit

Q1 Reference 0.011 Reference 0.034 Reference 0.031

Q2 0.788 (0.609–1.019) 0.07 0.824 (0.636–1.068) 0.144 0.816 (0.629–1.059) 0.126

Q3 0.654 (0.493–0.867) 0.003 0.688 (0.518–0.914) 0.01 0.684 (0.515–0.909) 0.009

BMI-corrected ASM

VitB-mineral

Q1 Reference Reference Reference

Q2 0.012 (0.005–0.019) 0.001 0.010 (0.003–0.017) 0.006 0.010 (0.003–0.018) 0.004

Q3 0.030 (0.023–0.038) <0.001 0.028 (0.020–0.035) <0.001 0.028 (0.020–0.035) <0.001

VitAD-Ca-VB12

Q1 Reference Reference Reference

Q2 0.012 (0.005–0.019) 0.001 0.010 (0.003–0.017) 0.006 0.010 (0.003–0.017) 0.005

Q3 0.030 (0.025–0.041) <0.001 0.031 (0.023–0.039) <0.001 0.031 (0.023–0.039) <0.001

Antioxidant Vit

Q1 Reference Reference Reference

Q2 0.012 (0.005–0.019) 0.001 0.010 (0.003–0.017) 0.006 0.010 (0.003–0.018) 0.004

Q3 0.030 (0.022–0.038) <0.001 0.028 (0.020–0.035) <0.001 0.028 (0.020–0.035) <0.001

Model 1: adjusted for sex, age, race, and BMI.
Model 2: adjusted for model 1 and education level, physical activity, smoking status, and drinking history.
Model 3: adjusted for model 2 and hypertension, diabetes, cardiovasular disease, and cancer.
BMI, body mass index; ASM, appendicular skeletal muscle mass.

FIGURE 5

Multivariate logistic regression analyses of association between micronutrient patterns and sarcopenia. Model 1: adjusted for sex, age, race, and BMI. 
Model 2: adjusted for model 1 and education level, physical activity, smoking status, and drinking history. Model 3: adjusted for model 2 and 
hypertension, diabetes, cardiovasular disease, and cancer.
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muscle contraction through its role in actin-myosin cycling, and 
activating mTOR pathway to stimulate protein synthesis (38). VD may 
enhance Ca absorption and bioavailability for optimal muscle effects 
(39). VD is a key modulator of the musculoskeletal system, and a 
study including 4,236 middle-aged and elderly Chinese residents 
showed that low VD levels were associated with age-related decreases 
in muscle mass, suggesting that VD supplementation may have a role 
in improving muscle function (40). Moreover, the impact of VD on 
sarcopenia depends on physical activity in older adults, involving a 
combined effect of VD and physical activity on the ubiquitination and 
degradation of muscle proteins (41). However, the association between 

VD and sarcopenia remains controversial, and our results suggested 
that increased food intakes rich in vitamin D and Ca may be effective 
in the prevention and treatment of sarcopenia.

The antioxidant vitamins pattern contained vitamins with redox-
regulating capacities. We observed a negative correlation between 
antioxidant vitamins and sarcopenia, suggesting that oxidative stress 
plays a major role in the pathogenesis of sarcopenia. By suppressing 
chronic inflammation and muscle proteolysis, antioxidants help 
maintain redox homeostasis and mitigate oxidative damage associated 
with sarcopenia (42, 43). Specific antioxidants like VC and VE may 
protect against muscle protein oxidation and degradation, maintain 

TABLE 4 Subgroup analyses of the association between micronutrient patterns and sarcopenia.

Young male Young female

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

VitB-mineral

Q1 Reference Reference Reference Reference Reference Reference

Q2 0.875 (0.475–1.611) 0.873 (0.471–1.618) 0.867 (0.467–1.611) 0.722 (0.398–1.309) 0.745 (0.403–1.376) 0.732 (0.393–1.362)

Q3 0.705 (0.399–1.245) 0.695 (0.391–1.236) 0.696 (0.39–1.242) 0.896 (0.454–1.767) 0.916 (0.457–1.837) 0.892 (0.440–1.807)

p for trend 0.453 0.43 0.441 0.562 0.641 0.616

VitAD-Ca-VB12

Q1 Reference Reference Reference Reference Reference Reference

Q2 0.914 (0.512–1.634) 0.925 (0.514–1.665) 0.918 (0.508–1.656) 0.633 (0.351–1.142) 0.648 (0.353–1.190) 0.628 (0.339–1.163)

Q3 0.618 (0.348–1.097) 0.609 (0.341–1.089) 0.613 (0.342–1.099) 0.912 (0.446–1.866) 0.922 (0.442–1.923) 0.919 (0.435–1.941)

p for trend 0.188 0.167 0.184 0.309 0.368 0.328

Antioxidant Vit

Q1 Reference Reference Reference Reference Reference Reference

Q2 0.888 (0.482–1.636) 0.891 (0.481–1.651) 0.888 (0.478–1.649) 0.675 (0.37–1.232) 0.697 (0.375–1.297) 0.682 (0.364–1.279)

Q3 0.713 (0.404–1.259) 0.706 (0.397–1.255) 0.708 (0.397–1.263) 0.878 (0.446–1.727) 0.898 (0.449–1.796) 0.872 (0.432–1.763)

p for trend 0.468 0.449 0.463 0.441 0.522 0.491

Middle-aged male Middle-aged female

VitB-mineral

Q1 Reference Reference Reference Reference Reference Reference

Q2 1.04 (0.580–1.862) 1.064 (0.589–1.919) 1.116 (0.614–2.032) 0.821 (0.547–1.231) 0.855 (0.568–1.288) 0.857 (0.567–1.294)

Q3 0.972 (0.551–1.716) 1.038 (0.585–1.841) 1.087 (0.608–1.943) 0.310 (0.154–0.623) 0.322 (0.160–0.648) 0.328 (0.163–0.661)

p for trend 0.962 0.979 0.936 0.004 0.006 0.008

VitAD-Ca-VB12

Q1 Reference Reference Reference Reference Reference Reference

Q2 1.110 (0.634–1.944) 1.150 (0.653–2.026) 1.197 (0.674–2.124) 0.736 (0.492–1.101) 0.764 (0.509–1.147) 0.762 (0.506–1.147)

Q3 0.856 (0.481–1.523) 0.912 (0.510–1.630) 0.953 (0.529–1.716) 0.277 (0.125–0.612) 0.287 (0.130–0.635) 0.293 (0.133–0.649)

p for trend 0.557 0.631 0.627 0.005 0.007 0.008

Antioxidant Vit

Q1 Reference Reference Reference Reference Reference Reference

Q2 1.054 (0.588–1.886) 1.074 (0.595–1.936) 1.126 (0.619–2.047) 0.781 (0.519–1.176) 0.812 (0.538–1.226) 0.811 (0.536–1.229)

Q3 0.981 (0.556–1.73) 1.044 (0.589–1.851) 1.093 (0.612–1.952) 0.306 (0.152–0.615) 0.317 (0.157–0.637) 0.322 (0.16–0.649)

p for trend 0.955 0.973 0.926 0.004 0.005 0.006

Model 1: adjusted for sex, age, race, and BMI.
Model 2: adjusted for model 1 and education level, physical activity, smoking status, and drinking history.
Model 3: adjusted for model 2 and hypertension, diabetes, cardiovasular disease, and cancer.
BMI, body mass index; ASM, appendicular skeletal muscle mass.
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muscle functions to the maximum extent, and promote glutathione 
antioxidant activity (15, 44).

Macronutrients are essential for organ and muscle functions, 
and several studies have shown that intakes of energy, protein, 
carbohydrates, and total fat are associated with sarcopenia (45, 46). 
Normally, these macronutrients stimulate muscle anabolism and 
decrease muscle catabolism, with protein being the most important 
nutrient for reducing muscle mass loss, which provides the essential 
amino acids required for the synthesis of muscle proteins. While 
insufficient intake of macronutrients leads to a supply–demand 
imbalance, with adverse effects on muscle health. We investigated 
differences in macronutrient intake across nutritional patterns, and 
the results showed that those adhering to all three nutritional 
patterns had significantly higher macronutrient intake, suggesting 
that macronutrients and MNs may interact together to have a 
cumulative effect on muscle mass and strength. A meta-analysis 
showed that combined supplementation with whey protein and VD 
increased lean body mass in an older population with sarcopenia or 
frailty, but had no significant effect in healthy older adults, in 
addition, taking nutritional supplements high in protein, energy, and 
VD improved muscle strength in patients with sarcopenia (47, 48). 
These studies support the combined roles of macronutrients and 
MNs in improving muscle anabolism and enhancing muscle 
functions, and additional clinical trials are warranted in the future 
to examine the effects of such nutritional patterns on sarcopenia. 
However, in our study, there was no significance of the effect of 
nutrient patterns on sarcopenia after adjusting for macronutrients, 
which was a pity. We speculate that this may be explained that a 
certain degree of subjectivity exists in the intake of nutrients, and 
that macronutrients like energy and carbohydrates are abundant and 
various in different foods, which may lead to a bias in the calculation 
of the combined intake of these nutrients. Another possible reason 
is the relatively inadequate sample size of the study population. 
Therefore, it needs to be validated by more studies after adjusting for 
macronutrients. In addition to this, there is no denying the 
important role of healthy dietary patterns in preserving muscle mass 
and maintaining muscle function, for example, Papadopoulou et al. 
conducted a systematic review to synthesize 10 studies on the 
Mediterranean diet and sarcopenia in a healthy elderly population 
for the first time, which showed that a Mediterranean diet pattern 
rich in monounsaturated fats, fibrous antioxidants, n-3 fatty acids, 
and anti-inflammatory micronutrients had a beneficial effect on 
physical function and muscle mass (49). Perry et al. demonstrated 
that the calorie-restricted Dietary Approaches to Stop Hypertension 
(DASH) dietary pattern may have improved muscle and cardiac 
metabolism by decreasing myostatin in older adults (50). The 
correlation between different dietary patterns and sarcopenia needs 
to be further investigated.

The associations of the three patterns with reduced sarcopenia 
likelihood suggest potentially synergistic effects between pattern 
components in protecting muscle health. B vitamins may interact 
with minerals to optimize mitochondrial and neurological functions 
to maintain muscle health (30, 51). Gkekas et al. demonstrated that 
supplementation with VD plus protein improves muscle strength in 
patients with sarcopenia, but it is not clear whether VD alone is 
beneficial (52). The active VD metabolite, 1,25-dihydroxyvitamin D 
(1,25-(OH)2D), binds to the VDR in the intestine to facilitate active 
Ca transport, and VD deficiency reduces intestinal absorption of Ca 

and P, which in turn leads to hypocalcemia and hypophosphatemia. 
Ca2+ in-flux is the initiator of muscle contraction, and VD 
deficiency is exacerbated by low Ca intake. VD may enhance 
beneficial effects of Ca on muscle by improving its bioavailability 
and potentiating its anabolic actions (53). VA, as fat-soluble 
vitamins, can promote VD to exert their biological activities, and 
studies have shown that VDR needs to bind to the retinoid X 
receptor (RXR) to form a heterodimer to activate the transcription 
of target genes. The two share combined roles in anti-infective 
properties, promotion of bone development, amelioration of iron-
deficiency anemia, and inhibition of cancer (54). VB12 may play a 
role in lowering inflammation levels in conjunction with VD (55). 
Therefore, preventing muscle atrophy and counteracting sarcopenia 
can only be  achieved if all of these nutrients are adequate (53), 
demonstrating the necessity of increasing dietary intake of VA,VD, 
Ca and VB12. Combinations of antioxidant vitamins may collectively 
optimize redox regulation and attenuate muscle catabolism (56), 
while individual MNs do not exhibit such correlations (57, 58). 
These findings were similar to our study, that no association was 
observed between VC and sarcopenia. However, our results suggest 
a linear dose–response relationship between the intake of most MNs 
and the prevalence of sarcopenia, providing novel evidence that 
overall adequate intake of these nutrients and their combinations 
through dietary balance could be used as part of a strategy to reduce 
age-related muscle deterioration.

Most previous studies have targeted older individuals, as they are 
characterized by a predisposition to malnutrition, susceptibility to 
oxidative defenses, and decreased neurological integrity. Our study 
involved adults aged 20–59 years and identified a significant 
association between MN intake and sarcopenia in middle-aged 
females, not in males or younger adults. The accelerated muscle 
decline in perimenopausal women could be attributed to estrogen 
reduction, heightened oxidative stress and inflammation (59, 60). A 
longitudinal study showed that the transition from perimenopause to 
early postmenopause was associated with loss of muscle mass at 
multiple anatomical levels, which was independent of aging (61). 
However, age and sex differences in lifestyle factors like physical 
activity may also contribute to the divergent findings (62). 
Furthermore, constitutional variations in antioxidant capacity, vitamin 
D status, and calcium homeostasis may underlie the differential effects 
(63). Younger adults likely have better intrinsic nutrient status and 
resilience compared to midlife women (64). Optimizing MN intake 
could help compensate for age-related changes and counteract 
sarcopenic progression in midlife women (65). These results provide 
implications for tailoring MN intake recommendations by specific life 
stages and conditions.

The findings underscore the importance of overall adequate intake 
of B vitamins, minerals, VD, Ca, and antioxidant vitamins in 
mitigating age-related muscle deterioration. Translating these results, 
tailored optimization of beneficial MN combinations through dietary 
balance and supplementation should be considered in formulating 
stage-specific intake guidance and food policies, to promote public 
muscle health across adulthood. Several limitations of our study need 
to be  recognized. Firstly, this was a cross-sectional study with no 
strong causality; secondly, MN intake was obtained by the first 24-h 
recall interview, which may have recall bias; in addition, 
macronutrients were not adjusted as confounders, and VB1 was not 
incorporated in PCA, both of which should be  included in the 
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subsequent study, and finally, data extraction was based on surveys at 
baseline, which did not take into account the effects of nutrient 
patterns on sarcopenia at multiple time points.

In conclusion, this study identified three dietary MN patterns 
associated with reduced sarcopenia and greater muscle mass in US 
adults, with significant associations in middle-aged females. This 
suggests that MNs interact with each other along with their respective 
functions, and provides a novel perspective to explore the combined 
intake effects of multiple MNs on reducing muscle wasting and 
maintaining physical functions. Ensuring sufficient intake of these 
beneficial MNs may aid sarcopenia prevention across life stages. 
Future prospective studies are still warranted to confirm this and to 
elucidate the potential mechanisms of MN interactions.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding authors.

Ethics statement

The studies involving humans were approved by the National 
Center for Health Statistics (NCHS) Research Ethics Review Board. 
The studies were conducted in accordance with the local legislation 
and institutional requirements. The participants provided their written 
informed consent to participate in this study.

Author contributions

YL: Conceptualization, Methodology, Validation, Writing – 
original draft. XL: Conceptualization, Methodology, Writing – original 
draft. LD: Software, Visualization, Writing – original draft. YZ: 
Methodology, Writing – review & editing. YH: Formal analysis, 

Writing – review & editing. WL: Supervision, Writing – review & 
editing. JC: Supervision, Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Acknowledgments

The authors would like to thank the NHANES project members 
for their substantial work on data collection.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnut.2024.1301831/
full#supplementary-material

References
 1. Cruz-Jentoft AJ, Sayer AA. Sarcopenia. Lancet. (2019) 393:2636–46. doi: 10.1016/

S0140-6736(19)31138-9

 2. Yeung SSY, Reijnierse EM, Pham VK, Trappenburg MC, Lim WK, Meskers CGM, 
et al. Sarcopenia and its association with falls and fractures in older adults: a systematic 
review and meta-analysis. J Cachexia Sarcopenia Muscle. (2019) 10:485–500. doi: 
10.1002/jcsm.12411

 3. Cao L, Morley JE. Sarcopenia is recognized as an independent condition by an 
international classification of disease, tenth revision, clinical modification (ICD-10-CM) 
code. J Am Med Dir Assoc. (2016) 17:675–7. doi: 10.1016/j.jamda.2016.06.001

 4. Marzetti E, Calvani R, Tosato M, Cesari M, Di Bari M, Cherubini A, et al. 
Sarcopenia: an overview. Aging Clin Exp Res. (2017) 29:11–7. doi: 10.1007/
s40520-016-0704-5

 5. Ganapathy A, Nieves JW. Nutrition and sarcopenia-what do we know? Nutrients. 
(2020) 12:1755. doi: 10.3390/nu12061755

 6. Yaktine AL, Ross AC. Milestones in DRI development: what does the future hold? 
Adv Nutr. (2019) 10:537–45. doi: 10.1093/advances/nmy121

 7. Damiano S, Muscariello E, La Rosa G, Di Maro M, Mondola P, Santillo M. Dual 
role of reactive oxygen species in muscle function: can antioxidant dietary supplements 
counteract age-related sarcopenia? Int J Mol Sci. (2019) 20:3815. doi: 10.3390/
ijms20153815

 8. Aytekin N, Mileva KN, Cunliffe AD. Selected B vitamins and their possible link to 
the aetiology of age-related sarcopenia: relevance of UK dietary recommendations. Nutr 
Res Rev. (2018) 31:204–24. doi: 10.1017/S0954422418000045

 9. Lawen A, Lane DJ. Mammalian iron homeostasis in health and disease: uptake, 
storage, transport, and molecular mechanisms of action. Antioxid Redox Signal. (2013) 
18:2473–507. doi: 10.1089/ars.2011.4271

 10. Kambe T, Tsuji T, Hashimoto A, Itsumura N. The physiological, biochemical, and 
molecular roles of zinc transporters in zinc homeostasis and metabolism. Physiol Rev. 
(2015) 95:749–84. doi: 10.1152/physrev.00035.2014

 11. Abshirini M, Mozaffari H, Kord-Varkaneh H, Omidian M, Kruger MC. The effects 
of vitamin D supplementation on muscle strength and mobility in postmenopausal 
women: a systematic review and meta-analysis of randomised controlled trials. J Hum 
Nutr Diet. (2020) 33:207–21. doi: 10.1111/jhn.12717

 12. Conzade R, Grill E, Bischoff-Ferrari HA, Ferrari U, Horsch A, Koenig W, et al. 
Vitamin D in relation to incident sarcopenia and changes in muscle parameters among 
older adults: the KORA-age study. Calcif Tissue Int. (2019) 105:173–82. doi: 10.1007/
s00223-019-00558-5

 13. Petermann-Rocha F, Chen M, Gray SR, Ho FK, Pell JP, Celis-Morales C. Factors 
associated with sarcopenia: a cross-sectional analysis using UK biobank. Maturitas. 
(2020) 133:60–7. doi: 10.1016/j.maturitas.2020.01.004

 14. Wee AK. Serum folate predicts muscle strength: a pilot cross-sectional study of the 
association between serum vitamin levels and muscle strength and gait measures in 
patients >65 years old with diabetes mellitus in a primary care setting. Nutr J. (2016) 
15:89. doi: 10.1186/s12937-016-0208-3

 15. Mulligan AA, Hayhoe RPG, Luben RN, Welch AA. Positive associations of dietary 
intake and plasma concentrations of vitamin E with skeletal muscle mass, heel bone 

https://doi.org/10.3389/fnut.2024.1301831
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2024.1301831/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2024.1301831/full#supplementary-material
https://doi.org/10.1016/S0140-6736(19)31138-9
https://doi.org/10.1016/S0140-6736(19)31138-9
https://doi.org/10.1002/jcsm.12411
https://doi.org/10.1016/j.jamda.2016.06.001
https://doi.org/10.1007/s40520-016-0704-5
https://doi.org/10.1007/s40520-016-0704-5
https://doi.org/10.3390/nu12061755
https://doi.org/10.1093/advances/nmy121
https://doi.org/10.3390/ijms20153815
https://doi.org/10.3390/ijms20153815
https://doi.org/10.1017/S0954422418000045
https://doi.org/10.1089/ars.2011.4271
https://doi.org/10.1152/physrev.00035.2014
https://doi.org/10.1111/jhn.12717
https://doi.org/10.1007/s00223-019-00558-5
https://doi.org/10.1007/s00223-019-00558-5
https://doi.org/10.1016/j.maturitas.2020.01.004
https://doi.org/10.1186/s12937-016-0208-3


Liu et al. 10.3389/fnut.2024.1301831

Frontiers in Nutrition 12 frontiersin.org

ultrasound attenuation and fracture risk in the EPIC-Norfolk cohort. Antioxidants 
(Basel). (2021) 10:159. doi: 10.3390/antiox10020159

 16. Arias-Fernández L, Struijk EA, Caballero FF, Ortolá R, García-Esquinas E, 
Rodríguez-Artalejo F, et al. Prospective association between dietary magnesium intake 
and physical performance in older women and men. Eur J Nutr. (2022) 61:2365–73. doi: 
10.1007/s00394-022-02808-z

 17. Selvi Öztorun H, Çınar E, Turgut T, Mut Sürmeli D, Bahşi R, Atmış V, et al. The 
impact of treatment for iron deficiency and iron deficiency anemia on nutritional status, 
physical performance, and cognitive function in geriatric patients. Eur Geriatr Med. 
(2018) 9:493–500. doi: 10.1007/s41999-018-0065-z

 18. Chang MC, Choo YJ. Effects of whey protein, leucine, and vitamin D 
supplementation in patients with sarcopenia: a systematic review and Meta-analysis. 
Nutrients. (2023) 15:521. doi: 10.3390/nu15030521

 19. Beaudart C, Dawson A, Shaw SC, Harvey NC, Kanis JA, Binkley N, et al. Nutrition 
and physical activity in the prevention and treatment of sarcopenia: systematic review. 
Osteoporos Int. (2017) 28:1817–33. doi: 10.1007/s00198-017-3980-9

 20. Hu FB. Dietary pattern analysis: a new direction in nutritional epidemiology. Curr 
Opin Lipidol. (2002) 13:3–9. doi: 10.1097/00041433-200202000-00002

 21. Bagheri A, Hashemi R, Heshmat R, Motlagh AD, Esmaillzadeh A. Patterns of 
nutrient intake in relation to sarcopenia and its components. Front Nutr. (2021) 
8:645072. doi: 10.3389/fnut.2021.645072

 22. Wang YR, Lee HF, Hsieh PL, Chang CH, Chen CM. Relationship between physical 
activity and perceptions of ageing from the perspective of healthy ageing among older 
people with frailty with chronic disease: a cross-sectional study. BMC Nurs. (2023) 
22:319. doi: 10.1186/s12912-023-01481-9

 23. Tessier AJ, Wing SS, Rahme E, Morais JA, Chevalier S. Physical function-derived 
cut-points for the diagnosis of sarcopenia and dynapenia from the Canadian 
longitudinal study on aging. J Cachexia Sarcopenia Muscle. (2019) 10:985–99. doi: 
10.1002/jcsm.12462

 24. Mitchell WK, Williams J, Atherton P, Larvin M, Lund J, Narici M. Sarcopenia, 
dynapenia, and the impact of advancing age on human skeletal muscle size and strength; 
a quantitative review. Front Physiol. (2012) 3:260. doi: 10.3389/fphys.2012.00260

 25. McPhee JS, French DP, Jackson D, Nazroo J, Pendleton N, Degens H. Physical 
activity in older age: perspectives for healthy ageing and frailty. Biogerontology. (2016) 
17:567–80. doi: 10.1007/s10522-016-9641-0

 26. Studenski SA, Peters KW, Alley DE, Cawthon PM, McLean RR, Harris TB, et al. 
The FNIH sarcopenia project: rationale, study description, conference recommendations, 
and final estimates. J Gerontol A Biol Sci Med Sci. (2014) 69:547–58. doi: 10.1093/gerona/
glu010

 27. Wilkinson TJ, Miksza J, Yates T, Lightfoot CJ, Baker LA, Watson EL, et al. 
Association of sarcopenia with mortality and end-stage renal disease in those with 
chronic kidney disease: a UK biobank study. J Cachexia Sarcopenia Muscle. (2021) 
12:586–98. doi: 10.1002/jcsm.12705

 28. Yang W, Gui Q, Chen L, Xu K, Xu Z. Associations between dietary protein and 
vitamin intake and the physical functioning of older adults with sarcopenia. Eur Geriatr 
Med. (2018) 9:311–20. doi: 10.1007/s41999-018-0049-z

 29. Sakuma K, Aoi W, Yamaguchi A. Molecular mechanism of sarcopenia and 
cachexia: recent research advances. Pflugers Arch. (2017) 469:573–91. doi: 10.1007/
s00424-016-1933-3

 30. Bito T, Misaki T, Yabuta Y, Ishikawa T, Kawano T, Watanabe F. Vitamin B(12) 
deficiency results in severe oxidative stress, leading to memory retention impairment in 
Caenorhabditis elegans. Redox Biol. (2017) 11:21–9. doi: 10.1016/j.redox.2016.10.013

 31. Verlaan S, Aspray TJ, Bauer JM, Cederholm T, Hemsworth J, Hill TR, et al. 
Nutritional status, body composition, and quality of life in community-dwelling 
sarcopenic and non-sarcopenic older adults: a case-control study. Clin Nutr. (2017) 
36:267–74. doi: 10.1016/j.clnu.2015.11.013

 32. Park SJ, Park J, Won CW, Lee HJ. The inverse Association of Sarcopenia and 
Protein-Source Food and vegetable intakes in the Korean elderly: the Korean frailty and 
aging cohort study. Nutrients. (2022) 14:1375. doi: 10.3390/nu14071375

 33. De Giuseppe R, Tomasinelli CE, Vincenti A, Di Napoli I, Negro M, Cena H. 
Sarcopenia and homocysteine: is there a possible association in the elderly? A narrative 
review. Nutr Res Rev. (2022) 35:98–111. doi: 10.1017/S095442242100010X

 34. van Dronkelaar C, van Velzen A, Abdelrazek M, van der Steen A, Weijs PJM, 
Tieland M. Minerals and sarcopenia; the role of calcium, Iron, magnesium, phosphorus, 
potassium, selenium, sodium, and zinc on muscle mass, muscle strength, and physical 
performance in older adults: a systematic review. J Am Med Dir Assoc. (2018) 19:6–11.e3. 
doi: 10.1016/j.jamda.2017.05.026

 35. Kim I, Son K, Jeong SJ, Lim H. Sex and diet-related disparities in low handgrip 
strength among young and middle-aged Koreans: findings based on the Korea National 
Health and nutrition examination survey (KNHANES) from 2014 to 2017. Nutrients. 
(2022) 14:3816. doi: 10.3390/nu14183816

 36. Takahashi F, Hashimoto Y, Kaji A, Sakai R, Kawate Y, Okamura T, et al. Vitamin 
intake and loss of muscle mass in older people with type 2 diabetes: a prospective study 
of the KAMOGAWA-DM cohort. Nutrients. (2021) 13:2335. doi: 10.3390/nu13072335

 37. Yoon JH, Kwon KS. Receptor-mediated muscle homeostasis as a target for 
sarcopenia therapeutics. Endocrinol Metab (Seoul). (2021) 36:478–90. doi: 10.3803/
EnM.2021.1081

 38. Berchtold MW, Brinkmeier H, Müntener M. Calcium ion in skeletal muscle: its 
crucial role for muscle function, plasticity, and disease. Physiol Rev. (2000) 80:1215–65. 
doi: 10.1152/physrev.2000.80.3.1215

 39. Fischer C, Jakob F, Kohl M, Kast S, von Stengel S, Kerschan-Schindl K, et al. 
Additive effects of exercise and vitamin D supplementation (with and without calcium) 
on bone mineral density in older adults: a systematic review and Meta-analysis. J 
Osteoporos. (2023) 2023:1–13. doi: 10.1155/2023/5570030

 40. Luo S, Chen X, Hou L, Yue J, Liu X, Wang Y, et al. The relationship between 
sarcopenia and vitamin D levels in adults of different ethnicities: findings from the West 
China health and aging trend study. J Nutr Health Aging. (2021) 25:909–13. doi: 10.1007/
s12603-021-1645-z

 41. Yang A, Lv Q, Chen F, Wang Y, Liu Y, Shi W, et al. The effect of vitamin D on 
sarcopenia depends on the level of physical activity in older adults. J Cachexia Sarcopenia 
Muscle. (2020) 11:678–89. doi: 10.1002/jcsm.12545

 42. Cannataro R, Carbone L, Petro JL, Cione E, Vargas S, Angulo H, et al. Sarcopenia: 
etiology, nutritional approaches, and miRNAs. Int J Mol Sci. (2021) 22:9724. doi: 
10.3390/ijms22189724

 43. Shah VO, Scariano J, Waters D, Qualls C, Morgan M, Pickett G, et al. Mitochondrial 
DNA deletion and sarcopenia. Genet Med. (2009) 11:147–52. doi: 10.1097/
GIM.0b013e31819307a2

 44. Passerieux E, Hayot M, Jaussent A, Carnac G, Gouzi F, Pillard F, et al. Effects of 
vitamin C, vitamin E, zinc gluconate, and selenomethionine supplementation on muscle 
function and oxidative stress biomarkers in patients with facioscapulohumeral 
dystrophy: a double-blind randomized controlled clinical trial. Free Radic Biol Med. 
(2015) 81:158–69. doi: 10.1016/j.freeradbiomed.2014.09.014

 45. Beaudart C, Locquet M, Touvier M, Reginster JY, Bruyère O. Association between 
dietary nutrient intake and sarcopenia in the SarcoPhAge study. Aging Clin Exp Res. 
(2019) 31:815–24. doi: 10.1007/s40520-019-01186-7

 46. Jyväkorpi SK, Urtamo A, Kivimäki M, Strandberg TE. Macronutrient composition 
and sarcopenia in the oldest-old men: the Helsinki businessmen study (HBS). Clin Nutr. 
(2020) 39:3839–41. doi: 10.1016/j.clnu.2020.04.024

 47. Nasimi N, Sohrabi Z, Nunes EA, Sadeghi E, Jamshidi S, Gholami Z, et al. Whey 
protein supplementation with or without vitamin D on sarcopenia-related measures: a 
systematic review and Meta-analysis. Adv Nutr. (2023) 14:762–73. doi: 10.1016/j.
advnut.2023.05.011

 48. Cramer JT, Cruz-Jentoft AJ, Landi F, Hickson M, Zamboni M, Pereira SL, et al. 
Impacts of high-protein Oral nutritional supplements among malnourished men and 
women with sarcopenia: a multicenter, randomized, double-blinded, controlled trial. J 
Am Med Dir Assoc. (2016) 17:1044–55. doi: 10.1016/j.jamda.2016.08.009

 49. Papadopoulou SK, Detopoulou P, Voulgaridou G, Tsoumana D, Spanoudaki M, 
Sadikou F, et al. Mediterranean diet and sarcopenia features in apparently healthy adults 
over 65 years: a systematic review. Nutrients. (2023) 15:1104. doi: 10.3390/nu15051104

 50. Perry CA, Van Guilder GP, Butterick TA. Decreased myostatin in response to a 
controlled DASH diet is associated with improved body composition and 
cardiometabolic biomarkers in older adults: results from a controlled-feeding diet 
intervention study. BMC Nutr. (2022) 8:24. doi: 10.1186/s40795-022-00516-9

 51. Bodnár D, Ruzsnavszky O, Oláh T, Dienes B, Balatoni I, Ungvári É, et al. Dietary 
selenium augments sarcoplasmic calcium release and mechanical performance in mice. 
Nutr Metab (Lond). (2016) 13:76. doi: 10.1186/s12986-016-0134-6

 52. Gkekas NK, Anagnostis P, Paraschou V, Stamiris D, Dellis S, Kenanidis E, et al. The 
effect of vitamin D plus protein supplementation on sarcopenia: a systematic review and 
meta-analysis of randomized controlled trials. Maturitas. (2021) 145:56–63. doi: 
10.1016/j.maturitas.2021.01.002

 53. Lips P. Interaction between vitamin D and calcium. Scand J Clin Lab Invest Suppl. 
(2012) 243:60–4. doi: 10.3109/00365513.2012.681960

 54. Bettoun DJ, Burris TP, Houck KA, Buck DW II, Stayrook KR, Khalifa B, et al. 
Retinoid X receptor is a nonsilent major contributor to vitamin D receptor-mediated 
transcriptional activation. Mol Endocrinol. (2003) 17:2320–8. doi: 10.1210/me.2003-0148

 55. Kovatcheva M, Melendez E, Chondronasiou D, Pietrocola F, Bernad R, Caballe A, 
et al. Vitamin B(12) is a limiting factor for induced cellular plasticity and tissue repair. 
Nat Metab. (2023) 5:1911–30. doi: 10.1038/s42255-023-00916-6

 56. Ryan MJ, Jackson JR, Hao Y, Williamson CL, Dabkowski ER, Hollander JM, et al. 
Suppression of oxidative stress by resveratrol after isometric contractions in 
gastrocnemius muscles of aged mice. J Gerontol A Biol Sci Med Sci. (2010) 65:815–31. 
doi: 10.1093/gerona/glq080

 57. Wu D, Wang H, Wang W, Qing C, Zhang W, Gao X, et al. Association between 
composite dietary antioxidant index and handgrip strength in American adults: Data 
from National Health and nutrition examination survey (NHANES, 2011-2014). Front 
Nutr. (2023) 10:1147869. doi: 10.3389/fnut.2023.1147869

 58. Dutra MT, Martins WR, Ribeiro ALA, Bottaro M. The effects of strength training 
combined with vitamin C and E supplementation on skeletal muscle mass and strength: 

https://doi.org/10.3389/fnut.2024.1301831
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3390/antiox10020159
https://doi.org/10.1007/s00394-022-02808-z
https://doi.org/10.1007/s41999-018-0065-z
https://doi.org/10.3390/nu15030521
https://doi.org/10.1007/s00198-017-3980-9
https://doi.org/10.1097/00041433-200202000-00002
https://doi.org/10.3389/fnut.2021.645072
https://doi.org/10.1186/s12912-023-01481-9
https://doi.org/10.1002/jcsm.12462
https://doi.org/10.3389/fphys.2012.00260
https://doi.org/10.1007/s10522-016-9641-0
https://doi.org/10.1093/gerona/glu010
https://doi.org/10.1093/gerona/glu010
https://doi.org/10.1002/jcsm.12705
https://doi.org/10.1007/s41999-018-0049-z
https://doi.org/10.1007/s00424-016-1933-3
https://doi.org/10.1007/s00424-016-1933-3
https://doi.org/10.1016/j.redox.2016.10.013
https://doi.org/10.1016/j.clnu.2015.11.013
https://doi.org/10.3390/nu14071375
https://doi.org/10.1017/S095442242100010X
https://doi.org/10.1016/j.jamda.2017.05.026
https://doi.org/10.3390/nu14183816
https://doi.org/10.3390/nu13072335
https://doi.org/10.3803/EnM.2021.1081
https://doi.org/10.3803/EnM.2021.1081
https://doi.org/10.1152/physrev.2000.80.3.1215
https://doi.org/10.1155/2023/5570030
https://doi.org/10.1007/s12603-021-1645-z
https://doi.org/10.1007/s12603-021-1645-z
https://doi.org/10.1002/jcsm.12545
https://doi.org/10.3390/ijms22189724
https://doi.org/10.1097/GIM.0b013e31819307a2
https://doi.org/10.1097/GIM.0b013e31819307a2
https://doi.org/10.1016/j.freeradbiomed.2014.09.014
https://doi.org/10.1007/s40520-019-01186-7
https://doi.org/10.1016/j.clnu.2020.04.024
https://doi.org/10.1016/j.advnut.2023.05.011
https://doi.org/10.1016/j.advnut.2023.05.011
https://doi.org/10.1016/j.jamda.2016.08.009
https://doi.org/10.3390/nu15051104
https://doi.org/10.1186/s40795-022-00516-9
https://doi.org/10.1186/s12986-016-0134-6
https://doi.org/10.1016/j.maturitas.2021.01.002
https://doi.org/10.3109/00365513.2012.681960
https://doi.org/10.1210/me.2003-0148
https://doi.org/10.1038/s42255-023-00916-6
https://doi.org/10.1093/gerona/glq080
https://doi.org/10.3389/fnut.2023.1147869


Liu et al. 10.3389/fnut.2024.1301831

Frontiers in Nutrition 13 frontiersin.org

a systematic review and Meta-analysis. J Sports Med (Hindawi Publ Corp). (2020) 
2020:1–9. doi: 10.1155/2020/3505209

 59. Sipilä S, Törmäkangas T, Sillanpää E, Aukee P, Kujala UM, Kovanen V, et al. 
Muscle and bone mass in middle-aged women: role of menopausal status and 
physical activity. J Cachexia Sarcopenia Muscle. (2020) 11:698–709. doi: 10.1002/
jcsm.12547

 60. Messier V, Rabasa-Lhoret R, Barbat-Artigas S, Elisha B, Karelis AD, Aubertin-
Leheudre M. Menopause and sarcopenia: a potential role for sex hormones. Maturitas. 
(2011) 68:331–6. doi: 10.1016/j.maturitas.2011.01.014

 61. Juppi HK, Sipilä S, Cronin NJ, Karvinen S, Karppinen JE, Tammelin TH, et al. Role 
of menopausal transition and physical activity in loss of lean and muscle mass: a follow-
up study in middle-aged Finnish women. J Clin Med. (2020) 9:1588. doi: 10.3390/
jcm9051588

 62. Ashe MC, Miller WC, Eng JJ, Noreau LPhysical Activity and Chronic Conditions 
Research Team. Older adults, chronic disease and leisure-time physical activity. 
Gerontology. (2009) 55:64–72. doi: 10.1159/000141518

 63. Na W, Park S, Shivappa N, Hébert JR, Kim MK, Sohn C. Association between 
inflammatory potential of diet and bone-mineral density in Korean postmenopausal 
women: data from fourth and fifth Korea National Health and nutrition examination 
surveys. Nutrients. (2019) 11:885. doi: 10.3390/nu11040885

 64. Moore DR. Keeping older muscle “young” through dietary protein and physical 
activity. Adv Nutr. (2014) 5:599s–607s. doi: 10.3945/an.113.005405

 65. Dewiasty E, Agustina R, Saldi SRF, Pramudita A, Hinssen F, Kumaheri M, et al. 
Malnutrition prevalence and nutrient intakes of Indonesian community-dwelling older 
adults: a systematic review of observational studies. Front Nutr. (2022) 9:780003. doi: 
10.3389/fnut.2022.780003

https://doi.org/10.3389/fnut.2024.1301831
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1155/2020/3505209
https://doi.org/10.1002/jcsm.12547
https://doi.org/10.1002/jcsm.12547
https://doi.org/10.1016/j.maturitas.2011.01.014
https://doi.org/10.3390/jcm9051588
https://doi.org/10.3390/jcm9051588
https://doi.org/10.1159/000141518
https://doi.org/10.3390/nu11040885
https://doi.org/10.3945/an.113.005405
https://doi.org/10.3389/fnut.2022.780003

	Associations of micronutrient dietary patterns with sarcopenia among US adults: a population-based study
	1 Introduction
	2 Methods
	2.1 Study design and participants
	2.2 Nutrient intake measurement
	2.3 Assessment of sarcopenia
	2.4 Covariates
	2.5 Statistical analysis

	3 Results
	3.1 Baseline characteristics of all participants
	3.2 MN-intake patterns assessment
	3.3 Associations between single MN and sarcopenia
	3.4 Associations between nutrient patterns and sarcopenia

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

