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Background: Given the global changes in environmental and dietary habits, understanding the potential impact of dietary factors and diet-related inflammation on skeletal muscle diseases, including sarcopenia, is crucial. Investigating these relationships can aid in the development of more effective prevention strategies. This study used the Dietary Index for Gut Microbiota (DI-GM) and the Dietary Inflammatory Index (DII) as diet-related variables. DI-GM is a scoring system used to assess the influence of diet on Gut Microbiota health. Additionally, DII quantifies the inflammatory potential of a diet. This study explores the association between DI-GM and sarcopenia and evaluates whether DII moderates this relationship.

Methods: This study conducted a cross-sectional analysis of 9,470 participants from the 2011–2018 NHANES database. Multivariable logistic regression, restricted cubic splines (RCS), and subgroup analysis were employed to examine the association between DI-GM and the prevalence of sarcopenia. Additionally, mediation analysis was performed to investigate the potential associations between DII, DI-GM, and sarcopenia.

Results: A total of 9,470 participants were included in this study, of whom 823 (7%) had sarcopenia. After adjusting for all variables using multivariable logistic regression, each one-unit increase in DI-GM was associated with a 15% decrease in sarcopenia prevalence (OR = 0.85, 95% CI: 0.77, 0.94), while each one-unit increase in DII was associated with a 28% increase in sarcopenia prevalence (OR = 1.28, 95% CI: 1.17, 1.41). Furthermore, the results remained robust when DI-GM and DII were divided into tertiles. RCS analysis revealed a significant linear relationship between DI-GM and sarcopenia. The results of the subgroup analysis also showed that the above relationships were robust. Mediation analysis showed that 55% of the association between DI-GM and sarcopenia was mediated by DII (P < 0.001).

Conclusion: Adhering to dietary recommendations based on DI-GM may reduce the prevalence of sarcopenia. Additionally, DII appears to mediate this relationship, suggesting that an anti-inflammatory diet could offer potential benefits.
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Introduction

Sarcopenia is defined as a progressive and systemic skeletal muscle disease characterized by the loss of muscle mass and function (1). Studies have shown that its prevalence reaches 5–13% among individuals aged 60–70 and rises to 11–50% in those aged 80 and older, posing a significant challenge to healthcare costs. In 2000, the direct medical costs associated with sarcopenia in the United States were estimated at $18.5 billion. A 10% reduction in sarcopenia prevalence could save the U.S. healthcare system $1.1 billion annually (2, 3). Beyond its association with increased mortality risk, sarcopenia has been identified as a critical prognostic indicator for survival and clinical complications in patients with cancer, kidney dysfunction, liver disease, and metabolic disorders (4). Preventing sarcopenia has been a key area of focus, with research identifying age, physical inactivity, metabolic imbalances, and neuromuscular dysfunction as major risk factors (1, 5). Regarding lifestyle factors, numerous studies have explored muscle outcomes related to dietary patterns, suggesting that physical activity and nutritional status, influenced by dietary intake or supplementation, are linked to sarcopenia risk (2, 4).

The composition of the gut microbiota is associated with various aspects of human health, with diet serving as a key determinant of the structure and function of gut microbial communities (6, 7). Research has indicated that dysbiosis can lead to significant alterations in skeletal muscle metabolism through the “gut-muscle axis” and the subsequent loss of microbiota-derived metabolites (8). An animal study suggested that probiotics may regulate age-related muscle damage, and other studies have highlighted that different gut microbial taxa may have varying effects on muscle (9, 10). Recently, a novel DI-GM was proposed (11). Unlike existing indices, DI-GM incorporates specific foods rather than food groups and includes fermented dairy products, which are a unique dietary component critical for gut microbiota health (11).

The Dietary Inflammatory Index (DII) was introduced in 2014 to quantify the effect of dietary components on six inflammatory biomarkers (IL-1β, IL-4, IL-6, IL-10, TNF-α, and C-reactive protein) (12). Chronic inflammation is linked to the development of several non-communicable chronic diseases, and diet may influence these diseases through mechanisms such as gut microbiota regulation (13). One study investigating the relationship between DII and musculoskeletal issues in adults found that pro-inflammatory diets may be associated with such problems (14). This could be due to elevated levels of serum inflammatory cytokines, which are linked to lower muscle mass and poorer muscle function (15). Inflammation may increase the risk of sarcopenia by activating the ubiquitin-proteasome system, enhancing oxidative stress and NF-κB activity, and impairing skeletal muscle protein synthesis (16–18). However, despite the growing research on DI-GM and DII, systematic studies exploring the association between DI-GM, DII, and sarcopenia remain scarce. Investigating these potential associations could not only offer new directions for sarcopenia prevention but also promote the adoption of healthier and more sustainable diets.

This study aims to investigate the association between DI-GM and sarcopenia, with a specific focus on the potential mediating role of DII in this relationship. Given the growing evidence suggesting that diet influences sarcopenia both directly and indirectly through its impact on gut microbiota and systemic inflammation, we hypothesize that DI-GM is inversely associated with sarcopenia and that DII partially mediates this association. To test these hypotheses, we utilized data from the 2005 to 2018 National Health and Nutrition Examination Survey (NHANES), a nationally representative database, to explore these relationships in a large sample.



Materials and methods


Study participants

This cross-sectional study utilized data from the National Health and Nutrition Examination Survey (NHANES) conducted by the National Center for Health Statistics (NCHS). The survey aims to collect demographic information regarding the health and nutritional intake of U.S. citizens. The NCHS Research Ethics Review Board approved all NHANES study protocols, and written informed consent was obtained from all participants. Our secondary analysis adhered to the STROBE guidelines for cross-sectional studies and did not require additional Institutional Review Board approval. For more details on NHANES methods and ethical considerations, please refer to the Centers for Disease Control and Prevention (CDC) and the National Health and Nutrition Examination Survey website: https://www.cdc.gov/nchs/nhanes/index.htm.

This cross-sectional study utilized nationally representative data from the National Health and Nutrition Examination Survey (NHANES). Among the 39,156 participants across four NHANES cycles from 2011 to 2018, 16,539 individuals aged 20 years and older and not pregnant were identified. Participants with incomplete data for the Dietary Gut Microbiota Index (DI-GM) and Dietary Inflammatory Index (DII) (n = 4,307) were excluded, as were those with incomplete data on sarcopenia (n = 8,840). Ultimately, 9,470 participants were included in the study (Supplementary Figure S1).



Sarcopenia assessment

Total appendicular lean mass (ALM) was assessed using dual-energy X-ray absorptiometry (DEXA) in the NHANES program. Sarcopenia was diagnosed using the Sarcopenia Index, calculated by dividing the total mass of appendicular skeletal muscle (in kg/m2) by body mass index (BMI, in kg/m2) (19). According to the guidelines from the Foundation for the National Institutes of Health (FNIH), cut-off values for the Sarcopenia Index were set at < 0.789 for men and < 0.512 for women to diagnose sarcopenia (20).



Definition of DII

The Dietary Inflammatory Index (DII) serves as a key metric for assessing the inflammatory potential of various food components, including vitamins and minerals. A DII score of ≥ 0 indicates a pro-inflammatory diet, while a score of < 0 reflects an anti-inflammatory diet (21). Furthermore, higher DII scores suggest harmful dietary habits, whereas lower DII scores are indicative of healthier dietary practices (22). Supplementary material include a detailed algorithm for calculating the DII score.



Dietary Index for Gut Microbiota

According to Kase et al. (11), the Dietary Index for Gut Microbiota (DI-GM) comprises 14 food items or nutrients. Beneficial components include fermented dairy products, chickpeas, soy, whole grains, fiber, cranberries, avocados, broccoli, coffee, and green tea, while adverse components consist of red meat, processed meats, refined grains, and diets high in fat (≥40% of energy from fat). Each component is scored as 0 or 1 based on gender-specific median intake levels, and the scores are summed to derive the overall DI-GM score. The specific calculation method for DI-GM is detailed in Supplementary Table S1.



Covariables

The covariates for this study included age, sex, education level, marital status, poverty-income ratio (PIR), race, smoking, alcohol consumption, physical activity, hypertension, diabetes, and hyperlipidemia. Detailed information regarding these covariates can be found in Supplementary Table S2.



Statistical analysis

To ensure that the data represents the national population, all analyses employed sampling weights. The weight variable used in our study was the 2-day dietary sample weight (WTDR2D), and we calculated new weights for the 2011–2018 period as 1/4 × WTDR2D. Continuous variables are presented as means ± standard deviation (SD), while categorical variables are presented as frequencies (percentages). Weighted t-tests were used to compare continuous variables, and weighted chi-square tests were employed for categorical variables. The relationship between DI-GM and sarcopenia was examined using weighted logistic regression. Three logistic regression models were established: Model 1 was unadjusted for potential confounding factors; Model 2 adjusted for covariates including age, sex, education level, marital status, PIR, and race; and Model 3 further adjusted for smoking, alcohol consumption, physical activity, hypertension, diabetes, and hyperlipidemia based on Model 2. Additionally, in Model 3, DI-GM was treated as a continuous variable, and restricted cubic splines (RCS) were used to illustrate the linear or non-linear association between DI-GM and Sarcopenia. RCS is a flexible regression method that allows for modeling curved trends without assuming a strict linear relationship, providing a more precise representation of the association. Compared to traditional linear regression, RCS can detect threshold effects or dose-response relationships, making the results more biologically meaningful. Subsequently, a stratified subgroup analysis was conducted based on model 3 to examine covariates. Interaction analyses were then performed to explore potential variations in associations among subgroups.

Based on the premises that “DI-GM is statistically significantly associated with DII” and “DII is statistically significantly associated with sarcopenia,” a mediation analysis was conducted to investigate whether the effect of DI-GM on sarcopenia is mediated by DII. The mediation effect was calculated using the “mediation” package in R software (23). Data processing was performed using R statistical software (version 4.3.1). Two-sided p < 0.05 were considered statistically significant.




Results


Baseline characteristics

This study included 9,470 participants aged 20 and older, inferring approximately 82.93 million U.S. adults. The prevalence of sarcopenia was found to be 7%, corresponding to around 6.18 million individuals. The average score of DI-GM was 5.00 (SD:1.54). In addition, DI-GM scores were lower in patients with sarcopenia compared to those without sarcopenia (5.00 vs. 5.30). Statistically significant differences (all p < 0.05) were observed between sarcopenic patients and non-sarcopenic individuals concerning age, race, education level, PIR, alcohol consumption, physical activity, hypertension, blood glucose levels, and hyperlipidemia. Patients with sarcopenia present as older, male, white, married, highly educated, and hyperlipidemic. Additionally, DII was higher in sarcopenic patients compared to non-sarcopenic individuals, also showing a statistically significant difference (p < 0.05). For more detailed information, refer to Table 1.


TABLE 1 Baseline characteristics of all participants were stratified by sarcopenia, weighted.
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The association between DI-GM, DII, and sarcopenia

As shown in Table 2, three different logistic regression models were employed to evaluate the association between DI-GM scores and the prevalence of sarcopenia, all indicating a negative correlation (p < 0.001). In Model 3, after adjusting for various covariates, a one standard deviation increase in the DI-GM score was associated with a 15% reduction in the prevalence of sarcopenia [odds ratio (OR): 0.85 (95% confidence interval: 0.77, 0.94)]. Furthermore, when DI-GM was categorized into tertiles, the group with the highest DI-GM scores (T3) showed a 51% lower prevalence of sarcopenia compared to the group with the lowest scores (T1) [OR: 0.49 (95% confidence interval: 0.31, 0.79)].


TABLE 2 Association between DI-GM, DII, and sarcopenia, NHANES 2011–2018.
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Additionally, the relationship between DII and sarcopenia was assessed, revealing a positive correlation across all three models (all p < 0.001). Higher DII scores were associated with an increased prevalence of sarcopenia, and the results were statistically significant (p < 0.05). Since dietary factors influence sarcopenia, we further included protein intake and total caloric intake in Model 4. The results remained robust. As shown in the RCS results (Figure 1), after adjusting for relevant variables, a significant negative correlation between DI-GM scores and the prevalence of sarcopenia was further confirmed (overall P < 0.001; non-linear P = 0.893).
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FIGURE 1
The restricted cubic spline (RCS) analysis between DI-GM and sarcopenia. OR (solid lines) and 95% confidence levels (shaded areas) were adjusted for age, gender, education level, marital, PIR, race, smoking, drinking, physical activity, hypertension, diabetes, and hyperlipidemia. RCS was used to illustrate the linear or nonlinear association between DI-GM and Sarcopenia. RCS is a flexible regression method that allows for modeling curved trends without assuming a strict linear relationship, providing a more precise representation of the association.




Subgroup analysis

As shown in Figure 2, subgroup analysis was conducted based on age, sex, race, marital status, education level, PIR, smoking, alcohol consumption, physical activity, hypertension, diabetes, and hyperlipidemia. The results indicated a negative correlation between DI-GM scores and sarcopenia prevalence in most subgroups. After adjusting for various confounding factors, no significant interaction effects were observed, suggesting that the association between DI-GM and sarcopenia is stable across different demographic and health-related factors. Specifically, a higher DI-GM was associated with a lower risk of sarcopenia (OR = 0.85, 95% CI: 0.77–0.94). The protective effect was significant in individuals aged 20–30 years (OR = 0.83, 95% CI: 0.70–0.98) and > 40 years (OR = 0.85, 95% CI: 0.75–0.96). The association was stronger in females (OR = 0.81, 95% CI: 0.73–0.89) than in males. Low-income individuals (OR = 0.75, 95% CI: 0.65–0.85) benefited more than non-poor individuals. Never-smokers and former drinkers had a stronger protective effect. DI-GM remained significant in individuals with hypertension and hyperlipidemia but not in those with diabetes.
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FIGURE 2
Subgroup analysis between DI-GM and Sarcopenia. ORs were calculated for each 1-unit increase in DI-GM. Analyses were adjusted for age, gender, education level, marital, PIR, race, smoking, drinking, physical activity, hypertension, diabetes, and hyperlipidemia.




Mediation effect

The mediation model and pathways are illustrated in Figure 3, with DI-GM as the independent variable, sarcopenia as the dependent variable, and DII as the mediating variable. As shown in Table 3, a significant correlation was observed between DI-GM and DII after adjusting for other covariates (β = −0.46, 95% CI: −0.49, −0.43). After adjusting for all covariates, the mediating effect of DII was identified (Figure 3) (indirect effect = −0.011, P < 0.001; direct effect = −0.009, P = 0.014). Therefore, DII can be considered a mediating factor in the association between DI-GM and the likelihood of sarcopenia.
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FIGURE 3
Schematic diagram of the mediation effect analysis. Path C indicates the total effect; path C’ indicates the direct effect. The indirect effect is estimated as the multiplication of paths A and B (path A*B). The mediated proportion is calculated as indirect effect/ (indirect effect + direct effect) × 100%. DI-GM, Dietary Index for Gut Microbiota; DII, Dietary Inflammatory Index. Analyses were adjusted for age, gender, education level, marital, PIR, race, smoking, drinking, physical activity, hypertension, diabetes, and hyperlipidemia. Mediation analysis was conducted to investigate whether the effect of DI-GM on sarcopenia is mediated by DII. The mediation effect was calculated using the “mediation” package in R software.



TABLE 3 Multivariate linear regression of DI-GM and DII.
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Discussion

This cross-sectional analysis reveals a negative correlation between DI-GM and the prevalence of sarcopenia, while DII shows a positive correlation with sarcopenia prevalence. To our knowledge, this is the first cross-sectional study to explore the relationship between DI-GM and sarcopenia. Additionally, mediation analysis indicates that DII mediates the relationship between DI-GM and sarcopenia. As the understanding of the connections between diet and inflammation, as well as inflammation and health, advances, DII can be utilized to assess the impact of diet on health outcomes (24). Therefore, dietary management for sarcopenia holds significant implications for clinical practitioners. This study suggests that adherence to a DI-GM dietary pattern may influence the development of sarcopenia by reducing the inflammatory potential of the diet.

Changes in the composition of the gut microbiota may actually promote chronic inflammation and metabolic resistance, ultimately leading to reduced muscle size, impaired muscle function, and adverse clinical outcomes (25). Compared to existing dietary indices, the Dietary Gut Microbiota Index (DI-GM) can effectively identify dietary patterns that are beneficial or harmful to gut microbiota, potentially serving as a standardized tool for assessing a balanced diet for gut health (26). One unique aspect of DI-GM is the inclusion of fermented dairy products, which can modulate gut microbiota. The metabolites produced by the gut microbiota are believed to have potential effects on skeletal muscle, potentially through mechanisms such as the action of short-chain fatty acids (SCFAs). SCFAs, particularly butyrate, propionate, and acetate, exert anti-inflammatory effects by inhibiting histone deacetylases (HDACs) and activating GPR41/GPR43, reducing pro-inflammatory cytokines (27). Studies have shown that SCFAs enhance muscle mass and function by activating the mTOR signaling pathway in muscle-reducing mice to mitigate age-related muscle loss and dysfunction (28). SCFAs also inhibit the production of inflammatory markers via the NF-κB pathway (29), and chronic inflammation is a hallmark of skeletal muscle disorders (30). Furthermore, dysbiosis may reduce secondary bile acids, which are associated with a nuclear receptor (FXR). Animal studies have indicated that bile acids, FXR signaling, and the expression of FGF15/19 (fibroblast growth factors 15/19) may influence host skeletal muscle metabolism by promoting muscle growth and mitigating muscle atrophy (8, 31, 32). Additionally, one of the metabolites, branched-chain amino acids (BCAAs), enhances insulin-mediated glucose metabolism in liver and muscle cells, which may also be a potential mechanism by which gut microbiota influence skeletal muscle (33). A study suggested that the downregulation of certain key species in the gut of sarcopenia patients may affect muscle mass and physical function through the combined effects of various metabolites (34). Another cohort study indicated that reduced gut microbial diversity in men is associated with a low skeletal muscle mass index (SMI) (35), which aligns with our findings on the association between DI-GM and sarcopenia.

Chronic low-grade inflammation is known to be associated with the pathogenesis of several chronic non-communicable diseases (13). A low dietary quality score is often correlated with elevated levels of plasma IL-6, E-selectin, and soluble ICAM-1 (36). Furthermore, a randomized controlled trial demonstrated that the intake of fermented foods increased the diversity of the microbiome while reducing several pro-inflammatory cytokines and chemokines (37). Anti-inflammatory dietary patterns can decrease inflammation and thus prevent muscle loss (38). The Dietary Inflammatory Index (DII), which is based on six inflammatory biomarkers, effectively reflects the relationship between diet and inflammation (12). Several studies have indicated a correlation between DII and muscle mass (14, 15). The relationship between the inflammatory index and skeletal muscle mass may be attributed to inflammatory factors (including CRP, IL-6, and TNF-α) that inhibit the activity of the insulin-like growth factor 1 (IGF-1), activating the ubiquitin-proteasome system and leading to metabolic resistance and the loss of muscle homeostasis (39). Moreover, inflammation is associated with early malnutrition. In experimental models, the abundance of key taxa related to inflammation regulation (such as Escherichia coli) has been positively correlated with satiety and satiety hormone levels, suggesting that the microbiome may mediate muscle wasting by promoting malnutrition through inflammation (25, 40). On the other hand, a healthy gut microbiome regulates immune homeostasis, maintaining a balance between pro-inflammatory and anti-inflammatory responses while enhancing barrier function (32). Consequently, dysbiosis and changes in the gut barrier can lead to increased absorption of lipopolysaccharides (LPS), termed metabolic endotoxemia. LPS significantly increases NF-κB binding activity in skeletal muscle and JNK phosphorylation, collectively suppressing insulin signaling (41). Animal experiments have also shown that LPS injection induces various changes, including a reduced abundance of Bacteroidetes, increased serum concentrations of pro-inflammatory cytokines, and impaired mitochondrial morphology (41). The immune stress mediated by these changes can adversely affect muscle growth in weaned piglets (32, 42). Additionally, another study indicated that the administration of TAK-242, a Toll-like receptor 4 (TLR4) specific signaling inhibitor, reversed muscle atrophy induced by endotoxemia in mice (43). Understanding how gut microbiota interacts with host muscle provides a foundation for therapeutic microbial interventions aimed at combating or preventing disease.

This study provides further insights into the potential mechanisms by which dietary patterns influence the development of sarcopenia. Specifically, diets with high DII scores, such as those rich in red and processed meats, high-fat, and high-sugar foods, are closely associated with pro-inflammatory states (44, 45). In contrast, diets with low DII scores, including those rich in fruits, vegetables, and nuts, exhibit anti-inflammatory properties (44, 45). Additionally, diets with high DI-GM scores, characterized by foods rich in dietary fiber and beneficial components (e.g., whole grains, legumes, vegetables, and fermented dairy) (11), can modulate gut microbiota composition and function, indirectly influencing inflammation levels. Diets high in dietary fiber and beneficial components serve as substrates for gut microbiota fermentation, leading to the production of short-chain fatty acids (SCFAs), such as butyrate, acetate, and propionate (46). These SCFAs exert anti-inflammatory effects by modulating immune cell activity (47). These dietary patterns may play a protective role against sarcopenia by reducing inflammation and improving gut microbiota health. Based on these findings, we recommend adopting anti-inflammatory and prebiotic-rich dietary patterns, such as the Mediterranean diet (48) and the DASH diet (49), as potential strategies for sarcopenia prevention and treatment. Combining these dietary interventions with protein supplementation and resistance training (50, 51)may further enhance their effectiveness. Furthermore, this study provides new directions for future research. Prospective studies are needed to validate the causal relationships between DI-GM, DII, and sarcopenia. Animal experiments could further explore the gut microbiota-inflammation-muscle metabolism axis to provide direct evidence for the underlying mechanisms. Additionally, future research could investigate personalized dietary intervention strategies based on DI-GM and DII to evaluate their practical applications in sarcopenia prevention and treatment. These studies will help optimize dietary strategies for sarcopenia management and provide a scientific basis for public health policies. Therefore, our study indicates that there are associations among gut microbiota, diet, and sarcopenia. Given that multiple studies have linked gut microbiota to inflammatory bowel disease, epilepsy, and cancer (52–54), this research provides new insights into the prevention and management of sarcopenia through dietary management aimed at modulating gut microbiota. This study found that DI-GM was negatively associated with sarcopenia prevalence (OR = 0.85, 95% CI: 0.77, 0.94), while DII was positively associated with sarcopenia prevalence (OR = 1.28, 95% CI: 1.17, 1.41). These findings further support the aforementioned hypothesis.

Our study has several advantages. First, it is based on the NHANES database, which provides a large sample size and allows for the analysis of confounding factors, subgroup analysis, and mediation analysis, yielding stable results. This study demonstrates a negative correlation between DI-GM and the prevalence of sarcopenia, suggesting that DII may mediate this relationship. Second, as a newly proposed Dietary Index, DI-GM has the potential to serve as a standardized tool for assessing balanced diets that support gut microbiota. Its visual approach to evaluating the relationship between diet and sarcopenia offers a more convenient and implementable solution for clinical guidance. Additionally, we conducted a mediation analysis to explore the relationships among DII, DI-GM, and sarcopenia.

Despite the significant contributions of this study, several limitations should be noted: (1) As a cross-sectional study, it cannot establish a causal relationship between DI-GM and the prevalence of sarcopenia. Further prospective studies with larger and more diverse samples are needed to elucidate the causal relationship between DI-GM and sarcopenia. (2) The data for this study were sourced from the NHANES dataset covering 2011–2018, which means that the results apply only to U.S. adults and may have limited applicability to populations in other countries. (3) The dietary data in this study relied on questionnaires recorded by NHANES, and participants’ responses may be subject to recall bias. (4) Although this study has adjusted for many potential confounding factors, it is still unable to exclude the possibility of confounding effects from unmeasured or unidentified factors.



Conclusion

In conclusion, our study enhances the understanding of the association between DI-GM dietary patterns and sarcopenia. This knowledge is beneficial for future dietary recommendations aimed at preventing diseases related to skeletal muscle health. By tracking an individual’s dietary habits, the use of DI-GM scoring can help assess the health impacts of diet on the gut microbiota. This approach is particularly valuable for clinical nutritionists, public health practitioners, and researchers, providing important strategies for the clinical prevention and management of sarcopenia. Finally, the mediation analysis involving DII indicates that an anti-inflammatory diet can contribute to the reduction of sarcopenia prevalence through its effects on DI-GM.
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