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Objective: To explore the causal relationships between 91 circulating inflammatory cytokines and sarcopenia-related traits (low hand grip strength, appendicular lean mass, and usual walking pace) by Mendelian randomized analysis.

Methods: Independent genetic variations of inflammatory cytokines and sarcopenia-related traits were selected as instrumental variables from publicly available genome-wide association studies (GWAS). The MR analysis was primarily conducted using the inverse variance-weighted (IVW) method. Sensitivity analyses included Steiger filtering and MR PRESSO, with additional assessments for heterogeneity and pleiotropy.

Results: The IVW method indicated a causal relationship between Vascular Endothelial Growth Factor A (VEGF-A) and low hand grip strength (OR = 1.05654, 95% CI: 1.02453 to 1.08956, P = 0.00046). Additionally, Tumor Necrosis Factor-beta (TNF-β) was found to have a causal relationship with appendicular lean mass (ALM) (β = 0.04255, 95% CI: 0.02838 to 0.05672, P = 3.96E-09). There was no evidence suggesting a significant causal relationship between inflammatory cytokines and usual walking pace.

Conclusion: Our research substantiated the causal association between inflammatory cytokines, such as VEGF-A and TNF-β, and sarcopenia. This finding may provide new avenues for future clinical treatments.
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1 Introduction

Sarcopenia is a condition affecting the body’s skeletal muscles, marked by a gradual reduction in muscle mass and functionality that worsens as individuals age (1). In individuals aged over 60, its prevalence ranges between 10 and 27% (2). Sarcopenia is associated with a spectrum of adverse health outcomes, including fractures, falls, frailty, and mortality (3). This not only diminishes the quality of life for older individuals but also imposes a substantial clinical and economic burden on society (4).

The increasingly recognized elevation of inflammatory status with aging has been shown to be a key factor in triggering or promoting accelerated aging (5), leading to age-related conditions such as sarcopenia, atherosclerosis, type 2 diabetes, and Alzheimer’s disease (6, 7). However, inflammation is not entirely detrimental; moderate inflammatory stimulation can activate secondary adaptations against the inflammatory environment (8). Previous studies indicated that the elevation of inflammatory marker levels in the blood could cause direct or indirect damage to muscle metabolism (9). This included exacerbating the loss of muscle mass and strength, as well as a decline in physical performance (10, 11). However, previous research findings might be subject to confounding variables or reverse causation (12), and it remains uncertain whether targeting inflammation can be regarded as a novel therapeutic strategy.

Mendelian Randomization (MR) is a method utilizing genetic variations as instrumental variables (IVs) to deduce causal connections between exposures and outcomes. As alleles are randomly allocated during meiotic division, MR can mitigate biases arising from confounding variables and reverse causation, often encountered in conventional studies (13). This study employed integrated data from recently published genome-wide association studies (GWAS) on 91 inflammatory cytokines for MR analysis. The purpose was to investigate the associations between these genetic variations and sarcopenia-related traits.



2 Materials and methods


2.1 Study design

This study utilizes MR analysis to examine the causal relationships between inflammatory cytokines and sarcopenia-related traits, contingent upon three fundamental assumptions. First, IVs should be associated with the risk factor (91 inflammatory cytokines). Second, these genetic variants should not be associated with confounding factors. Third, IVs should influence the outcome risk (appendicular lean mass/low hand grip strength/usual walking pace) solely through the risk factor, without involving other pathways. The comprehensive design of this study can be found in Figure 1.
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FIGURE 1
Schematic diagram of the MR analysis. SNPs stand for single-nucleotide polymorphisms. The dashed lines symbolize potential causal connections between variables, potentially indicating breaches in the assumptions of Mendelian randomization.




2.2 Instrumental variables selection

This study employed a series of quality control measures to identify IVs that conform to the three aforementioned assumptions (13). (1) We initially chose single nucleotide polymorphisms (SNPs) that met the genome-wide significance threshold (P ≤ 5 × 10–8) to ensure their strong correlation with the specific exposure of interest. However, due to a limited number of SNPs meeting the criteria when using inflammatory cytokines as the exposure, we raised the threshold to P ≤ 5 × 10–6. (2) A linkage disequilibrium (LD) clumping analysis was conducted to preserve independent SNPs, with an established r2 threshold of 0.001 and a clumping window size of 10,000 kb. (3) We further assessed the robustness of IVs using the F-statistic, and detailed information can be found in Supplementary Table 1. SNPs with an F-statistic less than 10 were considered weak IVs and were excluded due to their potential to introduce bias into the results (14). (4) When feasible, we applied corrections for allele-discordant ambiguous SNPs and linkage-ambiguous palindrome SNPs. In cases where correction was not feasible, these ambiguous and palindrome SNPs were removed from the initially selected instrumental SNPs during the harmonization process (15). Following a thorough selection process, the remaining SNPs were utilized as instrumental variables in subsequent MR analysis.



2.3 Data sources

The data on circulating inflammatory cytokines were obtained from a recent genome-wide protein quantitative trait locus (pQTL) study that involved 14,824 participants and assessed 91 plasma proteins (16). The study utilized a panel capable of detecting 92 inflammation-related proteins. However, due to detection issues, Brain-Derived Neurotrophic Factor (BDNF) was removed, resulting in a total of 91 proteins included in the analysis. All data used in this study were sourced from publicly available GWAS datasets, and all participants were of European ancestry.

In 2018, the European Working Group on Sarcopenia in Older People 2 (EWGSOP2) updated the definition of sarcopenia and introduced assessment tools for its application in clinical practice and research (17). These tools involve evaluating (1) Low muscle strength, typically through Grip strength. (2) Low muscle quantity or quality, often using Appendicular lean mass (ALM) as an indicator. (3) Low physical performance, commonly measured with Gait speed. Therefore, this study employed the assessment of sarcopenia through low hand grip strength, ALM, and usual walking pace (18, 19). The GWAS data for low hand grip strength were sourced from a meta-analysis study comprising 256,523 samples and 9,336,415 SNPs (20). This study comprised 22 independent cohorts, documenting the maximum handgrip strength of 256,523 participants aged 60 years or older and defined muscle weakness (dynapenia) according to the EWGSOP definition (grip strength < 30 kg for men; < 20 kg for women). The data for ALM were extracted from the GWAS study conducted by (21), which included 450,243 samples and 18,071,518 SNPs. ALM was assessed through bioelectrical impedance analysis (BIA) to measure appendicular non-fat mass. The hereditary determination of usual walking pace data was derived from the UK Biobank dataset, which included 459,915 participants. A walking speed of ≤ 0.8 m/s was recommended by EWGSOP2 as an indicator of severe sarcopenia (17).



2.4 Statistical analysis

In this study, we primarily assessed the potential causal relationships between 91 circulating inflammatory cytokines and sarcopenia-related traits using the most effective and statistically powerful inverse variance-weighted method (IVW) (12). At the outset, we performed two-sample MR analyses employing all 91 inflammatory cytokines as exposures, with low hand grip strength, ALM, and usual walking pace as outcomes. Exposures with a p-value below 0.05 using the IVW method were retained for subsequent analysis. Furthermore, we employed the Weighted Median method, known for its robustness to potentially invalid instrumental variables (22), as well as the MR Egger method, which is capable of detecting and correcting for bias arising from directional pleiotropy under the InSIDE (Instrument Strength Independent of Direct Effect) assumption (23).

We conducted sensitivity analyses to ensure the robustness and validity of the results. Heterogeneity was assessed using both Cochrane’s Q test and the MR-PRESSO global test (24). If heterogeneity is detected (P < 0.05), the multiplicative random-effects IVW (IVW-MRE) method will be employed to assess the causal effect (25). Furthermore, horizontal pleiotropy was examined using MR Egger regression intercept (23). We employed the MR-PRESSO global test to assess overall horizontal pleiotropy, and in the presence of detected pleiotropy, we utilized the MR-PRESSO outlier test to identify and correct for outliers (26). To assess result stability, we employed a leave-one-out approach, sequentially excluding each SNP and testing the effects of the remaining SNPs using the IVW method (27).

In MR analysis, the use of SNPs with a higher correlation to the outcome than to the exposure may lead to a misleading inference of causality. Therefore, we applied Steiger filtering to assess the causal direction of each SNP in relation to the exposure and outcome. Effective SNPs should exhibit a significantly stronger impact on the exposure variable compared to the outcome. “R2” is commonly used to compare differences in correlation between two sets of data. When the R2 value for the exposure variable exceeds that of the outcome variable, the SNP’s effect direction is categorized as “TRUE,” indicating a lower likelihood of a reverse causal relationship (28).

Due to the high number of inflammatory cytokines used as exposures, we applied a Bonferroni correction, setting the statistical significance level at P < 0.00055 (0.05/91). When the p-value is initially significant but becomes non-significant after Bonferroni corrections, it is defined as suggestive association (29). All analyses were conducted using the TwoSample MR package in R (version 4.3.1).




3 Results


3.1 Causal effects of inflammatory cytokines on low hand grip strength

As depicted in Figure 2, five inflammatory factors, including Cluster of Differentiation 6 (CD6), Monocyte Chemoattractant Protein-2 (MCP-2), SIR2-like protein 2 (SIRT2), and Tumor Necrosis Factor-beta (TNF-β), exhibited suggestive associations with low hand grip strength. Following Bonferroni correction, a statistically significant association was observed for Vascular Endothelial Growth Factor A (VEGF-A). The IVW method’s results indicated that a genetically determined higher level of VEGF-A (increasing by one SD) was associated with a 5.654% increased risk of low hand grip strength (OR = 1.05654, 95% CI: 1.02453 to 1.08956, P = 0.00046). The MR Egger method and the Weighted Median method did not reveal significant statistical associations, but they indicated a consistent trend of findings. All SNP F-statistics were greater than 10, indicating that weak IVs is unlikely to be significant (Supplementary Table 1).
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FIGURE 2
MR analysis of the effect of inflammatory cytokines on low hand grip strength.


Sensitivity analysis confirmed the absence of heterogeneity in the VEGF-A results (Cochrane’s Q test P = 0.530). Furthermore, there was no evidence to suggest pleiotropic effects (MR-Egger intercept test P = 0.266, MR-PRESSO global test P = 0.571). The MR-PRESSO outlier test did not detect any outliers (Supplementary Table 2). Leave-one-out analysis results indicated that no single SNP had a significant impact on the causal relationship between VEGF-A and low hand grip strength (Supplementary Figure 1). The Steiger filtering results showed that the direction of all SNPs was “TRUE” (Supplementary Table 3).



3.2 Causal effects of inflammatory cytokines on appendicular lean mass

Nine cytokines, including Cluster of Differentiation 40 Ligand (CD40L), Glial Cell Line-Derived Neurotrophic Factor (GDNF), Hepatocyte Growth Factor (HGF), Interleukin-1 alpha (IL-1α), Interleukin-2 (IL-2), Interleukin-24 (IL-24), Latency-Associated Peptide (LAP), Tumor Necrosis Factor-beta (TNF-β), and Tumor Necrosis Factor Ligand Superfamily Member 12 (TNFSF12), were selected with p-values below 0.05 using the IVW method from the initial pool of 91 inflammatory cytokines (Figure 3). According to the results of the Bonferroni correction, the IVW method (β = 0.04255, 95% CI: 0.02838 to 0.05672, P = 3.96E-09) indicates a statistically significant causal relationship between genetically predicted TNF-β and ALM. The Weighted Median method (β = 0.04581, 95% CI: 0.03551 to 0.05610, P = 2.81E-18) also demonstrated a significant statistical association. MR Egger analysis revealed a similar trend of findings. Following the calculations, it was confirmed that the F-statistic for each SNP exceeded 10 (Supplementary Table 1). As a result, the likelihood of weak IVs significantly affecting the results is relatively low.
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FIGURE 3
MR analysis of the effect of inflammatory cytokines on ALM.


Sensitivity analysis revealed heterogeneity in the results regarding the relationship between TNF-β and ALM (Cochrane’s Q test P < 0.001). The MR-Egger intercept test did not detect horizontal pleiotropy. MR-PRESSO detected three potential outliers, leading to indications of potential pleiotropy in the MR-PRESSO global test. However, after correcting for these outliers, the results remained similar. Further details of the results can be found in Supplementary Table 2. Due to the presence of heterogeneity, we proceeded to further assess the causal relationship between TNF-β and ALM using the IVW-MRE method (β = 0.04255, 95% CI: 0.02889 to 0.05621, P = 3.96E-09), and the results still indicated a significant statistical association. The results of the leave-one-out analysis indicated that no individual SNP could exert a complete influence on the causal relationship between TNF-β and ALM (Supplementary Figure 2). The results of Steiger filtering indicated that the direction of all SNPs was “TRUE” (Supplementary Table 4).



3.3 Causal effects of inflammatory cytokines on usual walking pace

The IVW method was employed to collectively identify five inflammatory factors with p-values less than 0.05. These factors included CD40L, Interleukin-18 Receptor 1 (IL-18R1), Interleukin-24 (IL-24), Interleukin-7 (IL-7), and Sulfotransferase 1A1 (SULT1A1). However, after Bonferroni correction, none of the inflammatory factors have been demonstrated to have a significant causal relationship with usual walking pace (Figure 4). CD40L (β = 0.00830, 95% CI: 0.00170 to 0.01489, P = 0.0137), IL-18R1 (β = 0.00707, 95% CI: 0.00058 to 0.01356, P = 0.03286), IL-24 (β = −0.01318, 95% CI: −0.01318 to −0.00004, P = 0.04937), IL-7 (β = −0.01473, 95% CI: −0.02801 to −0.00144, P = 0.0298), and SULT1A1 (β = 0.01098, 95% CI: 0.00088 to 0.02108, P = 0.03316).
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FIGURE 4
MR analysis of the effect of inflammatory cytokines on usual walking pace.





4 Discussion

This study applied Mendelian randomization analysis to examine the causal connection between 91 circulating inflammatory cytokines and sarcopenia-related traits. We identified a positive causal relationship between VEGF-A and low handgrip strength, as well as a genetic predisposition to elevated levels of TNF-β was associated with an increase in appendicular lean mass. No evidence of a reverse causal relationship was found. However, no significant causal relationship was observed between the inflammatory cytokines and usual walking pace. Several inflammatory cytokines, such as CD6, HGF, and IL-7, have demonstrated suggestive associations with sarcopenia-related traits. To the best of our knowledge, this is the first study to employ GWAS statistical data in assessing the causal relationships between inflammatory cytokines and sarcopenia-related traits.

An increasing body of evidence suggested that inflammatory cytokines had a detrimental impact on muscle metabolism (9), emphasizing the role of chronic inflammation clearance in the pathogenesis of sarcopenia (30). Observational studies have suggested that an increase in the levels of inflammatory biomarkers in the bloodstream is associated with a loss of muscle mass and strength, as well as a decline in physical activity. VEGF-A serves as a critical regulator of vascular development (31), but its influence on sarcopenia remains uncertain. Previous research has indicated that aging in multiple organs, including skeletal muscle, is associated with inadequate VEGF signaling (32). Adult mice lacking VEGF in skeletal muscle display significant intolerance to aerobic exercise, while VEGF-A can promote muscle regeneration in aging mice (33, 34). VEGF-A may play a protective role in skeletal muscle. Interestingly, our study uncovered unexpected findings, demonstrating a positive causal relationship between VEGF-A and low handgrip strength. Specifically, an increase in VEGF-A levels is linked to a higher risk of low handgrip strength in older individuals. A study conducted on VEGF-A in the hind limb skeletal muscles of both normal and ischemic rabbits discovered that prolonged VEGF-A expression can result in abnormal muscle angiogenesis and fibrosis (35). This supports the findings of our study. Research suggests that the optimal VEGF dosage, despite its potent angiogenic potential, lies within a narrow range, as excessive production results in the formation of disordered, irregularly sized vessels with reduced wall permeability (36, 37). Some researchers recommend careful regulation of VEGF expression because VEGF-induced angiogenesis may be dose-dependent. Prolonged irregular expression has been associated with a high incidence of developmental abnormalities or mortality in mice, making overexpression detrimental (38, 39). It’s worth noting that while VEGF can induce mature blood vessels at the appropriate dosage, the balance between clinical benefits and toxicity may vary due to genetic susceptibility, age, and disease status (40). This influence might also be applicable to skeletal muscle. All the participants in our study with low hand grip strength were individuals aged over 60, and age differences might influence the results. Therefore, it is imperative to further investigate the potential adverse effects of VEGF-A expression on muscle metabolism in future clinical practice and research, while also taking into account the potential differential regulation of VEGF-A expression in aging.

Tumor necrosis factor-beta (TNF-β), composed of 205 amino acids, induces the generation and release of inflammatory factors. It targets TNFR2, activating signal transduction pathways crucial for normal immune function, also known as lymphotoxin (LT)-α (41). Our research suggested that upregulation of TNF-β contributes to the enhancement of muscle mass. Previous studies on the relationship between TNF-β and muscle metabolism are limited. However, it forms a heterotrimer with LTβ and binds to the LTβ receptor. In a study focused on idiopathic inflammatory myopathies, a robust upregulation of LTβ was observed in regenerating muscle fibers (42). Previous research has primarily focused on the correlation between inflammatory cytokines and sarcopenia, with the majority adopting cross-sectional study designs. This indicates that these studies cannot definitively establish a causal relationship between inflammatory cytokines and sarcopenia (4). Our study indicated a causal relationship between VEGF-A and low handgrip strength, as well as between TNF-β and ALM. Simultaneously, results contrary to previous research findings were also uncovered. For instance, previous studies had suggested that elevated IL-6 levels in the older people were associated with an increased risk of muscle strength loss (43). Prolonged exposure to high IL-6 levels was linked to muscle atrophy and could directly regulate muscle catabolism, resulting in diminished muscle strength (44). Research has identified a significant correlation between elevated levels of IL-8 in serum and the development of cancer cachexia and muscle wasting in pancreatic cancer patients (45). Similar results were observed in a study involving older individuals in the United Kingdom (46). However, our MR analysis did not identify a causal relationship between IL-6 or IL-8 and sarcopenia-related traits. Due to the immense complexity of the inflammatory response and the multifactorial nature of sarcopenia, studying the association between a single inflammatory marker and sarcopenia is insufficient. In the future, comprehensive research on multiple inflammation markers will be necessary to enhance the sensitivity and specificity of diagnosis (8).

This study has several strengths. We utilized the latest large-scale data encompassing 91 inflammatory inflammatory cytokines for MR analysis. This effectively mitigated the influences of confounding factors and reverse causation, and a series of sensitivity analyses were conducted to ensure the reliability of the results. However, our study has the following limitations. Firstly, to mitigate bias, all data in this study originated from populations of European ancestry, limiting the generalizability of the results to other populations. Secondly, MR analysis typically examines the lifelong impact of risk factors on outcomes, thereby lacking the ability to identify effects at different stages. Lastly, we were unable to rule out non-linear causal relationships in the results.



5 Conclusion

This study demonstrated a causal relationship between the circulating inflammatory cytokine VEGF-A and an elevated risk of low hand grip strength in older adults. Additionally, it suggested that TNF-β may contribute to an increase in appendicular lean mass. No causal relationship was identified between inflammatory cytokines and usual walking pace. This may offer new insights into treating sarcopenia, but further research is needed to validate these findings in the future.
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