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Purpose: The increasing prevalence of sarcopenia remains an ongoing challenge to health
care systems worldwide. The lack of treatments encouraged the discovery of human
proteomes to find potential therapeutic targets. As one of the major components of the
human proteome, plasma proteins are functionally connected with various organs of the body
to regulate biological processes and mediate overall homeostasis, which makes it crucial in
various complex processes such as aging and chronic diseases. By performing a systematic
causal analysis of the plasma proteome, we attempt to reveal the etiological mechanism and
discover drug targets for sarcopenia.

Methods: By using data from four genome-wide association studies for blood proteins and the
UK Biobank data for sarcopenia-related traits, we applied two-sample Mendelian randomization
(MR) analysis to evaluate 310 plasmaproteins as possible causalmediators of sarcopenia-related
traits: appendicular lean mass (ALM) and handgrip strength (right and left). Then we performed a
two-sample bidirectional Mendelian randomization analysis for the identified putatively causal
proteins to assess potential reverse causality that the trait values may influence protein levels.
Finally, we performed phenome-wide MR analysis of the identified putatively causal proteins for
784 diseases to test the possible side effects of these proteins on other diseases.

Results: Five plasma proteins were identified as putatively causal mediators of sarcopenia-
related traits. Specifically, leukocyte immunoglobulin-like receptor subfamily B member 2
(LILRB2), asporin (ASPN), and contactin-2 (CNTN2) had potential causal effects on
appendicular lean mass, and ecto-ADP-ribosyltransferase 4 (ART4) and superoxide
dismutase 2 (SOD2) had putative causal effects on the handgrip strength, respectively.
None of the five putatively causal proteins had a reverse causality relationship with sarcopenia-
related traits, and no side effects on other diseases were identified.

Conclusion:We identified five plasma proteins that may serve as putatively potential novel
drug targets for sarcopenia. Our study attested to the value of two-sample MR analysis in
identifying and prioritizing putatively potential therapeutic targets for complex diseases.
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INTRODUCTION

Sarcopenia is defined as progressive skeletal muscle disorder. Its
prominent clinical manifestations are known as muscle mass loss
and function declining with aging (Cruz-Jentoft et al., 2010;
Liguori et al., 2018). It is a major contributor to frailty,
dysfunction in older people, poor health-related quality of life,
and the peril of premature death, thus putting a great burden on
the health care system (Cruz-Jentoft and Sayer, 2019). Sarcopenia
was officially recognized as a muscle disorder with the diagnosis
code ICD-10-MC in 2016 (Anker et al., 2016). Several working
groups of sarcopenia have included both low muscle mass (e.g.,
appendicular lean mass, ALM) and declined muscle function/
strength (e.g., handgrip strength) in their definitions although
cutoffs for different components may vary (Cruz-Jentoft et al.,
2014; Cruz-Jentoft et al., 2019; Chen et al., 2020). More
importantly, there has been no effective pharmacological
therapy for sarcopenia (Gonzalez-Freire et al., 2017). It is
urgent and essential to explore the pathogenesis of sarcopenia
and identify new drug targets. It has been estimated that by
selecting candidate therapeutic targets with genetic evidences, the
success rate of selected targets can be doubled in subsequent
clinical trial (Nelson et al., 2015).

Plasma proteins are known to play a critical role in biological
processes such as transport, signal transduction, growth, repair
and defense against infection (Geyer et al., 2016; Corbo et al.,
2021). They provide a window into the pathophysiological status
of humans (Zheng et al., 2020; Elhadad et al., 2021). However,
there are only sporadic data of the association between plasma
proteins and muscle mass (Han et al., 2021; Huemer et al., 2021),
and no studies have explored the relationship between muscle
strength and plasma proteins. Recently, with the development of
new techniques for high-throughput protein quantitation,
genome-wide association studies (GWAS) have been able to
simultaneously reveal the genetic determinants of thousands of
blood proteins (Suhre et al., 2021).

Mendelian randomization (MR) is a statistical method that
uses genetic variants as instrumental variables (IVs) to estimate
the causal relationship between the exposure (for example,
proteins) and the outcome (for example, handgrip strength).
MR analysis in combination with proteomics has identified
novel biomarkers and potential drug targets for many complex
diseases (Chong et al., 2019; Liu et al., 2019; Gudmundsdottir
et al., 2020; Zheng et al., 2020). For example, MR was applied in a
hypothesis-drivenmanner to assess the causality between selected
biomarkers and stroke risk including C–C motif chemokine
ligand 2(CCL2), Chitinase-3–like protein 1 (CHI3L1),
C-reactive protein (CRP), cystatin C (CST3), apolipoprotein
(a) (LPA), matrix metalloproteinase-12 (MMP12), and
proprotein convertase subtilisin/Kexin type 9 (PCSK9) (Chong
et al., 2019). In addition, MR analysis can also assess the potential
side effects of a drug target and reveal its adverse effect (Chong
et al., 2019; Gudmundsdottir et al., 2020; Zheng et al., 2020).

In the present study, we attempted to integrate genetic and
proteomic data through MR analysis to identify new effective
drug targets for sarcopenia. We firstly performed a meta-analysis
on the association results from the currently available data of four

GWAS to obtain genetic variants that are strongly associated with
3,576 plasma proteins (Ahola-Olli et al., 2017; Suhre et al., 2017;
Sun et al., 2018; Folkersen et al., 2020). Next, we applied MR
analysis to evaluate the causal relationships between sarcopenia-
related traits (i.e., ALM and handgrip strength) and proteins.
After that, bidirectional MR analysis was performed on the
identified putatively causal proteins and assess potential
reverse causality. Finally, we predicted target-mediated side-
effects for the identified putatively causal proteins by
phenome-wide analysis of 784 disease characteristics (Zhou
et al., 2018; Chong et al., 2019).

METHODS

Obtaining Genetic Determinants of Plasma
Protein Levels
We firstly identified a set of genetic variants that were
significantly associated with the blood protein levels (Emdin
et al., 2017). As in previous studies (Chong et al., 2019; Zheng
et al., 2020), to accomplish this, we combined four recently
published and currently available proteomics GWAS data:
INTERVAL (n = 3,301) (Sun et al., 2018), KORA F4/QMDiab
(Cooperative Health Research in the Region of Augsburg/Qatar
Metabolomics Study on Diabetes) (n = 1,335) (Suhre et al., 2017),
YFS/FINRISK 2002 (The Cardiovascular Risk in Young Finns
Study/the levels of chronic disease risk factors in Finland) (n =
8,332) (Ahola-Olli et al., 2017), and Olink CVD-I (Summary
statistics from GWAS of Olink CVD-I proteins in the SCALLOP
consortium) (n = 30,931) (Folkersen et al., 2020).

The four studies which included all the currently publicly
available datasets, all focused on Europeans, used high-
throughput and quantitative technologies to quantify blood
samples for proteins. INTERVAL (Sun et al., 2018) analyzed
2,994 proteins via SOMAScan assay, a multiplexed aptamer-
based immunoassay. Log transformed protein levels were then
adjusted for linear regression based on age, sex, duration between
blood draw and processing (binary, ≤ 1 day/> 1 day) and the first
three major components of ancestry derived from multi-
dimensional scales. KORA F4/QMDiab (Suhre et al., 2017)
analyzed 1,124 proteins via the SOMAScan assay. KORA F4
(Suhre et al., 2017) used PLINK to fit linear models to inverse-
normalized probe levels, using age, gender, and body mass index
as covariates. In QMDiab (Suhre et al., 2017) linear regression
models were fitted using PLINK with age, sex, body mass index,
diabetes state, the first three principal components of the
genotype data, and the first three principal components of the
proteomics data as covariates. In YFS/FINRISK 2002 (Ahola-Olli
et al., 2017), a total of 48 cytokines were measured by using Bio-
Rad’s premixed Bio-Plex Pro Human Cytokine 27-plex Assay and
21-plex Assay, and Bio-Plex 200 reader with Bio-Plex 6.0
software. Cytokine distributions were first normalized with
inverse transformation. Then, by calculating residuals of a
linear regression model, the transformed phenotypes were
adjusted for age, sex, body mass index, and the top ten genetic
principal components (Ahola-Olli et al., 2017). Olink CVD-I
(Folkersen et al., 2020) analyzed 90 proteins using modified
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antibodies conjugated to oligonucleotides. Genetic analyses were
done by using additive model regressions to adjust population
structure and study-specific parameters.

The four published proteomic data included a total of 3,576
proteins, 882 of which were subjected to the genome-wide
association analyses in two or more of the four studies (Ahola-
Olli et al., 2017; Suhre et al., 2017; Sun et al., 2018; Folkersen et al.,
2020). We performed a meta-analysis of those proteins present in
two or more studies with Genome-Wide Association Meta-analysis
(GWAMA) software using an inverse variance weighted model with
fixed effect (Mägi andMorris, 2010; Baselmans et al., 2019; McGuire
et al., 2021). All single nucleotide polymorphisms (SNPs) that were
strongly (p < 5 × 10−8) and independently (linkage disequilibrium,
LD, R2 < 0.001) associated with exposures (i.e., each protein) were
selected as instrumental variables (IVs). Subsequently, to ensure the
specificity of IVs, SNPs associated with more than three proteins
were removed. Exposures associated with fewer than three
independent IVs were also excluded. When there was no SNP in
the outcome data, the proxy SNP (R2 > 0.9) of LD links was used. A
total of 310 proteins with valid IVs were assessed in the following
MR analyses.

GWAS Summary Statistics of
Sarcopenia-Related Traits
We used the GWAS summary-level data of ALM and handgrip
strength (left and right) to explore the causal relationships
between plasma proteins and sarcopenia (Cruz-Jentoft et al.,
2019). The GWAS data of sarcopenia-related traits from the
UK Biobank study was obtained from the MR-Base database
(Hemani et al., 2018). Briefly, ALM was measured using
bioelectrical impedance analysis (BIA) (Sergi et al., 2017), and
handgrip strength was measured by a calibrated hydraulic hand
dynamometer adjusting hand size (Sudlow et al., 2015). We used
absolute grip strength rather than relative handgrip strength
(absolute handgrip strength/weight) as a proxy for muscle
strength, because the correlation of absolute handgrip strength
and muscle strength may be higher than the relative grip strength
(Wind et al., 2010). The GWAS study of ALM (n = 450,243) was
adjusted for age, age2, sex, assessment center, genotyping array,
appendicular fat mass (AFM), and the first ten genetic principal
components (Pei et al., 2020). The GWAS study of handgrip
strength (kg) was adjusted for age, age2, sex, sex × age, and sex ×
age2 (Bahat et al., 2016; Kitamura et al., 2021). The genetic
associations of handgrip strength (left hand, n = 461,026; right
hand, n = 461,089) were from the Integrative Epidemiology Unit
(IEU) analysis of UK Biobank phenotypes.

Statistical Analysis
Wemainly used the inverse variance weighted (IVW) method for
MR analysis to infer the causal relationship between plasma
proteins and sarcopenia-related traits (Burgess et al., 2013).

The causal effect β was estimated as
∑i

αiγiσ−2i
∑i

γ2i σ−2i
, where αi was

defined as the association effect of the ith IV on plasma
protein, γi was the association effect of the ith IV on
sarcopenia with standard error σi (Bull et al., 2020).

To make valid causal inferences, MR analysis must satisfy
three hypotheses: 1) that the genetic variants (IVs) were strongly
associated with the exposure, 2) the genetic variants were not
associated with any of the confounders associated with the
exposure and the outcome, 3) the genetic variants did not
affect the outcome unless it may be achieved through an
association with the exposure (i.e., no horizontal pleiotropy)
(Emdin et al., 2017; Zhao et al., 2020). To ensure the
robustness of the results, we also used the following additional
analyses. The weighted median MR approach is robust in that it
can produce correct estimates even when up to 50% of SNPs are
invalid IVs (Qian et al., 2020). And we used MR-Egger regression
and MR-Egger with a simulation extrapolation (SIMEX) to
evaluate whether there is a horizontal pleiotropic effect
(Bowden et al., 2015; Bowden et al., 2016a; Sekula et al., 2016;
Vermeulen et al., 2021). The heterogeneity test used I2 in the IVW
method to test whether there is heterogeneity among the causal
effects obtained by IVs alone compared with the randomly
expected value (Augusteijn et al., 2019). Finally, the “leave-
one-out” method was adopted to be sensitivity analysis in this
study. The “leave-one-out” method is to re-analyze the results
after removing single SNP one by one, to judge the influence of
each SNP on the results and evaluate the stability of the results
(Huan et al., 2019).

Bidirectional MR was used to assess whether there was a
feedback loop between sarcopenia-related traits and causal risk
proteins, which could cause false-positive results difficult to
interpret (Yang et al., 2022). We assessed reverse causality
between five putative causal proteins as the outcome variables
and sarcopenia-related traits as the exposure by MR analysis with
the IVW method (Burgess et al., 2013; Holmes et al., 2017).
Sensitivity analysis was performed usingMR-Egger, and weighted
median MR (Bowden et al., 2016a; Bowden et al., 2016b).

A Bonferroni-corrected p value threshold was used, which
takes the numbers of tested plasma proteins into account (p value
= 0.05/310 = 1.65 × 10−4). As the Bonferroni correction was
considered to be conservative and the ALM and handgrip
strength were genetic related traits, we reported proteins
passed this threshold for each trait rather than the study as a
whole. All MR analyses were completed using the
‘TwosampleMR’ package version 0.5.5 in R version 4.0.3
(Hemani et al., 2018). Because all the data sets for the study
were downloaded from the public domain, written informed
consent and ethical approval were not required (Yang et al.,
2022).

Phenome-Wide MR Analysis of 784 Disease
Traits
We performed phenome-wide MR analysis to identify the
causality between the putatively causal proteins and other
disease traits. The primary purpose of the phenome-wide MR
analysis was to assess potential side effects (beneficial or adverse)
associated with hypothetical interventions to reduce the risk of
sarcopenia by targeting the putatively causal plasma proteins. The
IVs were the same as those previously selected to identify the
causal proteins for sarcopenia-related traits. The association
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analysis of disease outcomes was conducted using publicly
available data from the UK Biobank cohort (N ≤ 408,961).
Diseases in the cohort were defined by PheCodes. PheCodes is
a system for organizing the international classification codes for
diseases and related health problems into phenotypic results
suitable for the characteristics of a wide range of disease
phenotypes of genetic analysis (Denny et al., 2013; Zhou et al.,
2018). The disease definition scheme combines the ICD-9 codes
of a hospital into hierarchical PheCodes, with each PheCode
representing one more or less specific disease group. As in
previous studies (Chong et al., 2019), we excluded disease
results generated from fewer than 500 cases due to a lack of
statistical validity. In total, a total of 784 disease characteristics
were selected for analysis, including 16 categories, as detailed in
Supplemental Table S1.

RESULTS

The four recently published proteomics GWAS summary data
sets (see methods) were combined for a Meta-analysis using an
inverse variance weighted model with a fixed effect. We presented
the results of the meta GWAS analysis for the proteomics used in
this paper, such as the p value of Q statistic in Tables 1–Tables 5.
Meta-analysis was performed on LILRB2, CNTN2 and SOD2 of
five putative causal proteins, and the results of meta-analysis
showed no heterogeneity among SNPS (Tables 1, 3, 5). After
removing proteins presented in less than two studies, 310 plasma
proteins with the numbers of IV ≥ 3 (Burgess et al., 2013), were
included in the following MR analyses to identify the potential
causality between plasma proteins and sarcopenia-related traits.
And we presented statistically significant IVs for putative causal
proteins in Tables 1–Tables 1. The IVs of proteins used were all
trans-regulated, i.e., the SNPs were > 1 Mb away from the
transcription start sites of their respective associated genes. At
Bonferroni significance (Bonferroni p = 0.05/310 = 1.65 × 10–4),
five proteins showed putatively causal effects on sarcopenia-
related traits (Table 6; Figures 1A,B).

Specifically, higher expression of leukocyte immunoglobulin-
like receptor subfamily B member 2 (LILRB2) (effect size =
0.023, p value = 3.54 × 10−7), asporin (ASPN) (effect size =
0.029, p value = 2.82 × 10−5) and contactin-2 (CNTN2) (effect
size = 0.015, p value = 4.04 × 10−5) may cause increased ALM,
and ecto-adp-ribosyltransferase 4 (ART4) (effect size = -0.026, p
value = 2.51 × 10−9) and Superoxide dismutase 2 (SOD2) (effect

size = -0.017, p value = 3.72 × 10−5) may cause decreased right
and left handgrip strength, respectively. In addition, ART4 (p
value = 9.95 × 10−4) and SOD2 (p value = 2.76 × 10−4) also
exhibited nominal significance for left and right handgrip
strength, respectively. The MR-Egger regression and MR-
Egger using SIMEX results showed that the estimated values
for the intercept terms were null for all the five identified
proteins and sarcopenia-related traits (Table 7), suggesting
that horizontal pleiotropy did not significantly influence the
results (Table 7). The “leave-one-out” sensitivity analyses were
shown in Figure 1C respectively. After SNP is successively two-
sample MR removed, SNPs will not have a substantial influence
on the results, indicating that two-sample MR analysis results
are robust and reliable (Figure 1C).

Bidirectional MR analyses (Bonferroni p = 0.05/5 = 0.01)
found that sarcopenia-related traits had no causal effect on the
identified proteins (Table 8). The results showed that the
causal effects of five causal proteins on sarcopenia-related
traits were reliable with no evidence of reverse causality.

After the five plasma proteins were identified to be
potentially causally associated with sarcopenia-related traits,
phenome-wide MR analysis was performed to
comprehensively assess the potential side effects profile of
each target. After multiple hypothesis test corrections (p ≤
6.38 × 10−5), none of the five sarcopenia-trait-related
proteins have significant potential causal relationships with
the other 784 disease traits tested (Supplementary Tables
S2–S6). In particular, we paid special attention to diseases
related to the pathogenesis of sarcopenia, such as skeletal
musculoskeletal-related diseases. For example, there are 21
diseases (Supplementary Table S7) with p < 0.05 in
phenome-wide MR analysis related to LILRB2, and five
diseases belonging to skeletal muscle diseases include:
polymyalgia rheumatica, spondylosis and allied disorders,
malunion and nonunion of fracture, rheumatoid arthritis,
and other inflammatory polyarthropathies. The results
showed that LILRB2 was related to the musculoskeletal system.

DISCUSSION

We investigated the putatively potential causal effects of
genetically predicted plasma protein levels on sarcopenia-
related traits and identified three putatively causal proteins
for ALM (LILRB2, ASPN, and CNTN2) and two for handgrip

TABLE 1 | Correlation of genetic IVs to LILRB2 and ALM.

SNPs LILRB2 ALM

Beta SE p
value

reference_allele other_allele q_p-value I2 Beta SE p
value

rs12971823 0.26 0.034 3.27 × 10−14 A G 1 NaN 0.0044 0.0031 0.15
rs145212847 0.45 0.082 2.75 × 10−8 T C 1 NaN 0.0086 0.0060 0.16
rs77679745 −0.62 0.042 1.56 × 10−50 T C 1 NaN −0.016 0.0033 2.30 × 10−6

Note: IVs, Instrumental variables; LILRB2, Leukocyte immunoglobulin-like receptor subfamily B member 2; ALM, appendicular lean mass; SNPs, Single nucleotide polymorphism; SE,
standard error.
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strength (ART4 and SOD2). Higher expression of LILRB2,
ASPN and CNTN2 may cause increased ALM, and higher
expression of ART4 and SOD2 may cause decreased right and
left handgrip strength, respectively. None of the identified
proteins has reverse causal effects on sarcopenia-related
traits and had no side effects on the other 784 diseases.
None of these causal relationships has been reported before,
to our knowledge. Our study attested to the value of two-
sample MR in identifying and prioritizing putatively potential
therapeutic targets for complex diseases.

LILRB2 is the receptor for class I MHC antigens known to
be an immune inhibitory receptor to suppress the immune
system. In human, LILRB2 recognize a broad spectrum of
HLA-A, HLA-B, HLA-C, HLA-G, and HLA-F alleles (Shiroishi
et al., 2006). We did not identify a causal effect of LILRB2 on
other diseases in this study. But its key role in cancer and
Alzheimer’s disease (AD) has been reported in many studies
(Kim et al., 2013; Hu et al., 2017). Specifically, in cancer,
LILRB2 was reported as a potentially myeloid immune
checkpoint that regulates tumor-associated myeloid cells

TABLE 2 | Correlation of genetic IVs to ASPN and ALM.

SNPs ASPN ALM

Beta SE p
value

reference_allele other_allele q_p-value I2 Beta SE p
value

rs148794554 −0.79 0.10 7.77 × 10−15 T C — — −0.019 0.0085 0.028
rs545515434 -0.45 0.066 7.12 × 10−12 T G — — −0.020 0.0050 9.50 × 10−5

rs62564371 −0.30 0.047 1.79 × 10−10 A G — — −0.0062 0.0034 0.071

Note: IVs, Instrumental variables; ASPN, asporin; ALM, appendicular lean mass; SNPs, Single nucleotide polymorphism; SE, standard error.

TABLE 3 | Correlation of genetic IVs to CNTN2 and ALM.

SNPs CNTN2 ALM

Beta SE p
value

reference_allele other_allele q_p-value I2 Beta SE p
value

rs4951168 −0.71 0.030 8.34 × 10−128 T C 1 NaN −0.0094 0.0028 6.70 × 10−4

rs6660183 0.44 0.076 4.82 × 10−9 T C 1 NaN 0.010 0.0061 0.099
rs72755831 0.49 0.085 9.03 × 10−9 T C 1 NaN 0.013 0.0064 0.039

Note: IVs, Instrumental variables. CNTN2, contactin-2. ALM, appendicular lean mass; SNPs, Single nucleotide polymorphism; SE, standard error.

TABLE 4 | Correlation of Genetic IVs to ART4 and Handgrip (right and left).

SNPs ART4 Handgrip (right) Handgrip (left)

Beta SE p
value

reference_allele other_allele q_p-value I2 Beta SE p
value

Beta SE p
value

rs10846131 0.16 0.025 1.29 ×
10−10

A G — — −0.0044 0.0015 0.0036 −0.0045 0.0015 0.0033

rs11056245 −0.36 0.026 1 ×
10−200

T C — — 0.011 0.0016 3.30 ×
10−11

0.010 0.0016 2.90 ×
10−10

rs34138566 0.21 0.036 1.00
× 10−8

A C — — −0.0022 0.0021 0.30 0.00047 0.0021 0.82

Note: IVs, Instrumental variables; ART4, ecto-adp-ribosyltransferase 4; SNPs, Single nucleotide polymorphism; SE, standard error.

TABLE 5 | Correlation of Genetic IVs to SOD2 and Handgrip (right and left).

SNPs SOD2 Handgrip (right) Handgrip (left)

Beta SE p
value

reference_allele other_allele q_p-value I2 Beta SE p
value

Beta SE p
value

rs2287694 0.27 0.041 3.54 × 10−11 T C 1 NaN −0.0031 0.0024 0.18 −0.0030 0.0024 0.21
rs28932178 0.28 0.030 2.19 × 10−21 T C 1 NaN −0.0066 0.0021 0.0020 −0.0056 0.0021 0.0086
rs6556314 0.27 0.026 2.66 × 10−24 T C 1 NaN −0.0031 0.0016 0.057 −0.0049 0.0016 0.0025

Note: IVs, Instrumental variables; SOD2, Superoxide dismutase 2; SNPs, Single nucleotide polymorphism; SE, standard error.
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and provokes immune reaction against the development of
tumor (Chen et al., 2018). In Alzheimer’s disease, soluble β-
amyloid (Aβ) oligomers were known to lead to synaptic loss
associated with AD, And human LILRB2 was a β-amyloid
receptor, so blocking the function of LILRB2 is a potential
therapeutic target for AD, (Kim et al., 2013). The direction of
action is opposite to that obtained in this study, so the
feasibility and the utility of LILRB2 to be a therapeutic
target for sarcopenia may be relatively low.

ASPN is a kind of leucine-rich small proteoglycan (SLRP).
A previous study showed that there was a significant reduction

of ASPN (p value = 0.004) in the extracellular matrix of
gastrocnemius muscles in old mice compared with adult
mice (Lofaro et al., 2021). We found here that ASPN may
causally increase ALM. But the molecular mechanism
underlying this causal relationship needs to be further
explored.

SOD2 is a manganese-containing enzyme. It is located in
mitochondria that protect cells from oxidative stress through
scavenging reactive oxygen species (ROS) (Xu et al., 2020).
Mitochondrial dysfunction of skeletal muscle is related to the
pathogenesis of many diseases, including type 2 diabetes,

TABLE 6 | Association between plasma proteins and sarcopenia-related traits using Weighted median and Inverse variance weighted.

Exposures Outcomes Number of IVs Weighted median Inverse variance weighted

Beta(95% CI) p value beta (95% CI) p value

LILRB2 ALM 3 0.023 (0.013, 0.033) 2.93 × 10−6 0.023 (0.014, 0.032) 3.54 × 10−7

ASPN ALM 3 0.024 (0.0062, 0.041) 7.76 × 10−3 0.029 (0.016, 0.043) 2.82 × 10−5

CNTN2 ALM 3 0.015 (0.0071, 0.022) 1.19 × 10−4 0.015 (0.0078, 0.022) 4.04 × 10−5

ART4 Handgrip strength (right) 3 -0.028 (-0.037, -0.020) 5.27 × 10−12 -0.026 (-0.035, -0.018) 2.5 × 10−9

SOD2 Handgrip strength (right) 3 -0.011 (-0.021, -0.0021) 1.59 × 10−2 -0.015 (-0.023, -0.0069) 2.76 × 10−4

ART4 Handgrip strength (left) 3 -0.028 (-0.036, -0.019) 3.76 × 10−10 -0.023 (-0.038, -0.0096) 9.95 × 10−4

SOD2 Handgrip strength (left) 3 -0.018 (-0.027, -0.0087) 1.54 × 10−4 -0.017 (-0.025, -0.0089) 3.72 × 10−5

Note: IVs, Instrumental variables; CI, confidence interval; LILRB2, Leukocyte immunoglobulin-like receptor subfamily B member 2; ASPN, asporin; CNTN2, contactin-2; ART4, ecto-adp-
ribosyltransferase 4; SOD2, Superoxide dismutase 2; ALM, appendicular lean mass.

FIGURE 1 | (A) Heat map of Sarcopenia-related traits (rows) and the five plasma proteins (columns). The colour scale runs from blue (negative correlation) to red
(positive correlation). Note: *, p < 0.05, **, p < 0.05/310. (B) Volcano maps of Sarcopenia-related traits and the five plasma proteins. (C) MR leave-one-out sensitivity
analysis for the five plasma proteins on ALM and handgrip (left and right).
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muscle atrophy, osteoporosis and aging-related sarcopenia
(Kalinkovich and Livshits, 2015), since muscle is a highly
metabolically active tissue that critically relies on both
aerobic and anaerobic metabolic energy supply system
especially aerobic metabolic energy supply. . However, as
one of the major process of aerobic metabolic energy
supply, oxidative phosphorylation produces by-products
that potentially damaging radicals such as the superoxide
anion (O2.-) (Flynn and Melov, 2013). Superoxide can
damage components of the electron transport chain and
other cellular constituents, while SOD2 which is a critical
enzyme of eukaryotic systems can efficiently convert
superoxide to the less reactive hydrogen peroxide (H2O2)

and protect the cell from ROS. Therefore, the disfunction of
SOD2 can result in numerous pathological phenotypes in
metabolically active tissues. A previous study found that in
wild-type mice of glycolytic and oxidative gastrocnemius, use
of Simvastatin increased mRNA expression of Sod1 and Sod2
genes but decreased grip strength (Panajatovic et al., 2020).
Consistent in our study, SOD2 was also identified to be
causally associated with decreased handgrip strength.

Only two previous studies have evaluated plasma proteins
for association with sarcopenia-related traits (Han et al., 2021;
Huemer et al., 2021). Huemer et al. used the machine learning
approach in the KORA S4/FF4 study, and determined
kallikrein-6, C-C motif chemokine 28 (CCL28), and tissue

TABLE 7 | Association between plasma proteins and sarcopenia-related traits using MR Egger and MR Egger using SIMEX.

Exposures Outcomes Number
of IVs

MR Egger MR Egger using SIMEX I2
(IVW)

Intercept
(95% CI)

p
value

beta (95% CI) p
value

Intercept
(95% CI)

p
value

Beta slope
(95% CI)

p
value

LILRB2 ALM 3 -0.0037 (-0.015,
0.0076)

0.64 0.030 (0.0062,
0.055)

0.25 -0.0048 Na 0.032 Na 0

ASPN ALM 3 -0.011 (-0.036,
0.014)

0.47 0.047
(-0.019, 0.11)

0.30 -0.0046
(-0.026, 0.017)

0.71 0.033 (-0.010,
0.077)

0.27 16%

CNTN2 ALM 3 -0.0073 (-0.023,
0.0090)

0.44 0.026 (-0.0021,
0.053)

0.17 -0.0094
(-0.032, 0.013)

0.47 0.034 (-0.0086,
0.077)

0.22 0

ART4 Handgrip
strength (right)

3 0.0016
(-0.0053,
0.0086)

0.69 -0.034 (-0.061,
-0.0069)

0.13 0.0029
(-0.0060, 0.012)

0.59 -0.038 (-0.074,
-0.0017)

0.18 73%

SOD2 Handgrip
strength (right)

3 0.056
(-0.032, 0.15)

0.43 -0.22
(-0.55, 0.10)

0.41 0.18 Na -0.67 Na 0

ART4 Handgrip
strength (left)

3 0.0021
(-0.0090, 0.013)

0.75 -0.033 (-0.077,
0.0096)

0.27 0.0041 (-0.010,
0.018)

0.63 -0.040 (-0.097,
0.018)

0.31 30%

SOD2 Handgrip
strength (left)

3 0.0098 (-0.079,
0.098)

0.86 -0.053
(-0.38, 0.27)

0.80 0.054
(-0.16, 0.27)

0.71 -0.21
(-0.95, 0.53)

0.38 0

Note: IVs, Instrumental variables; CI, confidence interval; LILRB2, Leukocyte immunoglobulin-like receptor subfamily B member 2; ASPN, asporin; CNTN2, contactin-2; ART4, ecto-adp-
ribosyltransferase 4; SOD2, Superoxide dismutase 2; ALM, appendicular lean mass.

TABLE 8 | Mendelian randomization estimates of sarcopenia-related traits on plasma proteins.

Exposures Outcomes Number
of IVs

MR Egger Weighted median Inverse variance
weighted

intercept (95% CI) p
value

beta (95% CI) p
value

beta (95% CI) p
value

beta (95% CI) p
value

ALM LILRB2 527 -0.0023 (-0.0078,
0.0033)

0.42 0.12
(-0.13,0.37)

0.34 0.020
(-0.16, 0.20)

0.84 0.020
(-0.095, 0.13)

0.74

ALM ASPN 527 0.0013 (-0.0044,
0.0070)

-0.65 -0.13
(-0.39, 0.12)

0.31 -0.15 (-0.33,
0.019)

0.080 -0.14
(-0.25, -0.26)

0.016

ALM CNTN2 527 0.0013 (-0.0042,
0.0068)

0.63 -0.74
(-0.32, 0.17)

0.55 -0.045
(-0.22, 0.13)

0.62 0.039 (-0.15,
0.075)

0.50

Handgrip strength
(right)

ART4 146 0.0028 (-0.0012,
0.069)

0.17 -3.3
(-6.71, 0.20)

0.067 0.16
(-0.45, 0.77)

0.61 -1.1 (-2.2,
0.018)

0.054

Handgrip strength
(right)

SOD2 146 0.0030 (-0.013,
0.019)

0.70 -0.41
(-1.7, 0.90)

0.54 -0.32
(-0.92, -0.28)

0.29 -0.22
(-0.61, -0.17)

0.28

Handgrip strength
(left)

ART4 131 0.049 (0.0020,
0.095)

0.043 -5.1 (-9.0, -1.1) 0.013 0.074
(-0.53, 0.68)

0.81 -1.3 (-2.5,
-0.058)

0.040

Handgrip strength
(left)

SOD2 131 0.0058 (-0.011,
0.023)

0.50 -0.51
(-2.0, 0.94)

0.49 -0.24
(-0.90, 0.41)

0.46 -0.0070
(-4.3, 0.41)

0.97

Note: IVs, Instrumental variables; CI, confidence interval; LILRB2, Leukocyte immunoglobulin-like receptor subfamily B member 2; ASPN, asporin; CNTN2, contactin-2; ART4, ecto-adp-
ribosyltransferase 4; SOD2, Superoxide dismutase 2; ALM, appendicular lean mass.
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factor pathway inhibitor are biomarkers for muscle mass and
serine protease 27 for fat mass (Huemer et al., 2021). CCL28
and metalloproteinase inhibitor 4 (TIMP4) constitute
biomarkers of a combination of low muscle and high-fat
mass (Huemer et al., 2021). Han et al. identified the
increase in the relative abundance of follistatin (FST) and
IGFBP1 are causally associated with the decrease in trunk fat-
free mass and whole-body fat-free mass by conducting a two-
sample MR analysis based on the GWAS summary statistics of
23 body composition traits and 2,656 plasma proteins (Han
et al., 2021). However, these proteins are not included in our
study, so we cannot confirm whether there is a causal
relationship between these proteins and sarcopenia-related
traits.

Despite some novel findings, the present study has some
potential limitations. First, the established causality was not
replicated in independent samples, and there is a lack of
experiments to further verify our conclusions. Therefore,
the results await further validation. Secondly, due to the
limitation of data availability, most of the study participants
included in the current analysis are of European descent. It is
necessary to include participants of non-European ancestry in
future studies to enable transethnic MR analyses, which are
expected to reduce the radical bias and lead to more
generalizable findings. Thirdly, it is important to recognize
that MR analysis has several other potential limitations.
Although a variety of genetic instruments are used to
improve the ability of MR, there is still a certain risk of
pleiotropy despite extensive sensitivity analysis.
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