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Abstract
Background: The association between homocysteine and the risk of sarcopenia remains controversial. In this study, we sought to explore the association between homocysteine and the risk of sarcopenia in US older adults.
Methods: We conducted a cross-sectional study consisting of 3,079 participants aged greater than 60 years from National Health and Nutrition Examination Survey (NHANES) 1999-2006. We defined sarcopenia by low muscle mass. We evaluated the association between homocysteine and the risk of sarcopenia using multivariable regression models. Subgroup and interaction analysis were also performed.
Results: We found a positive association between homocysteine and the risk of sarcopenia in the fully adjusted model (OR=1.023 [95% CI, 1.003, 1.043]). In addition, subgroup analysis indicated that the association between homocysteine and the risk of sarcopenia was more pronounced among participants with hypertension (OR=1.04 [95% CI, 1.01, 1.06], Pint = 0.013).
[bookmark: OLE_LINK14]Conclusions: We found a positive association between homocysteine and the risk of sarcopenia in US older adults. Further studies are needed to assess our results. 
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[bookmark: OLE_LINK19]Introduction
Sarcopenia is a disorder defined as the loss of muscle mass and strength with an impact on falls, disability, and high mortality [1, 2]. It has been reported that the global prevalence of sarcopenia ranged from 10% to 27% in the meta-analysis [3]. A study from US found that about 28.7 million or 15.9% of the USA population had low muscle mass during 2017–2018 [4]. Sarcopenia has gradually gradually become a global problem that brings a huge impact on economy and health. Its specific pathogenesis and molecular mechanism is multifactorial and complexity [5]. Thus, exploring the risk factors for sarcopenia and providing timely intervention may delay its progression.
[bookmark: OLE_LINK6][bookmark: OLE_LINK4][bookmark: OLE_LINK7][bookmark: OLE_LINK9]    Homocysteine is a nonessential amino acid that is an intermediate in many biological processes, such as cellular antioxidant potential, and cellular methylation [6]. As a biochemical index, homocysteine is closely related to inflammation. hyperhomocysteinemia has been demonstrated as a risk factors for variety of chronic diseases, including cardiovascular and neurodegenerative diseases [7]. Previous studies reported that hyperhomocysteinemia can induce oxidative stress and chronic inflammation, leading to bone breakdown and muscle atrophy [8, 9]. Furthermore, chronic inflammation has been reported as leading to the development of sarcopenia [10, 11]. In this regard, there is ongoing research involve in detecting of the association between sarcopenia and homocysteine [12, 13]. A cross-sectional study from China reported that elevated homocysteine levels were independently associated with sarcopenia in hospitalized older and suggested that down-regulation of hyperhomocysteinemia may reduce the prevalence of sarcopenia [14]. In another study, homocysteine was positively associated with S in elderly patients with type 2 diabetes, and these biomarkers may play an important role in the pathogenesis of S [15]. In asymptomatic adults, high homocysteine elevation is independently associated with low skeletal muscle mass and may be a risk for skeletal muscle tissue decline, according to the Korean study [16]. Whether there is an association between S and homocysteine in US older adults is unclear.
[bookmark: OLE_LINK10]To fill the aforementioned knowledge gaps, we aimed to explore the association between homocysteine and sarcopenia in older adults in the United States using data from the National Health and Nutrition Examination Survey (NHANES) database.

Methods
Study population 
The present study obtained data from the NHANES database. The NHANES database is a population-based national survey focusing on nutrition and health of the US population. We collected samples from 4 NHANES cycles, ranging from 1999 to 2006. There were 7,177 participants aged over 60 years in total. We excluded participants without valid data for sarcopenia (no reliable dual-energy X-ray absorptiometry (DXA) and body mass indexes (BMI)). After further excluding individuals with missing value for arthritis status information (n = 2,876) and other covariates (n = 2,010), 3,079 participants were included for analysis (Figure 1).
[bookmark: OLE_LINK17]Definition of sarcopenia
Skeletal muscle mass was measured for each participant using DXA with the Hologic QDR 4500/A-Delphi (Hologic, Waltham, MA). Appendicular skeletal muscle mass (ASM (kg)) was defined as the sum of four limbs’ muscle mass. The skeletal muscle index (SMI) was calculated as the appendicular skeletal muscle mass divided by BMI. According to the National Institutes of Health (FNIH) recommendation, sarcopenia was defined as the lowest for sex- specific SMI cut- off values (SMI was < 0.789 for males and < 0.512 for females) [17]. 
Assessment of homocysteine and covariates 
Homocysteine was determined by the Abbott homocysteine assay. Homocysteine concentrations were calculated through the Abbott IMx Immunoassay Analyzer using a machine-stored calibration curve [18]. Covariates that could confound the association between homocysteine and sarcopenia were included. Socio-demographic covariates included age, race/ethnicity, and education. Physical activity was categorized as sedentary, low, moderate, and high. Smoking status was determined based on a questionnaire, in which the patient answers the question “Have you smoked at least 100 cigarettes in your entire life?” Medical history including hypertension and diabetes, were acquired from self-reported data. The other laboratory covariates included total protein, total cholesterol, HDL cholesterol, triglycerides, hemoglobin, serum albumin, serum calcium, C-reactive protein (CRP), and serum creatinine. All examinations were carried out by well-trained medical experts. Information on each variable and acquisition process are publicly available at www.cdc.gov/nchs/nhanes.
Statistical analysis
Continuous variables were presented as mean ± standard deviation and categorical variables as percentages. We grouped participants on the basis of their sarcopenia status. We used the ANOVA tests for continuous variables with a normal distribution and Kruskal-Wallis test for continuous variables without a normal distribution. The chi-square tests were used for categorical variables to assess the characteristics of the participants. Multivariate logistic regression analyses were performed to evaluate the association between homocysteine and sarcopenia with odds ratio (OR) and corresponding 95% confidence interval (CI). Four models were contrasted as follows: model 1, no adjustment for covariates; model 2, adjusted for age, gender, and race/ethnicity; model 3, additionally adjusted for total protein, total cholesterol, HDL cholesterol, triglycerides, hemoglobin, serum albumin, serum calcium, C-reactive protein (CRP), and serum creatinine; model 4, additionally adjusted for education, physical activity, smoking status, hypertension, and diabetes.
In addition, subgroup analyses were also conducted stratified by different gender, education level, physical activity, hypertension, diabetes, smoking status, and BMI. A two-sided P-value < 0.05 was considered statistically significant. Statistical analyses were performed using the EmpowerStats (http://www.empowerstats.com, X&Y Solutions, Inc., Boston, MA) and statistical software packages R (http://www.R-project.org, The R Foundation).

Result
Characteristics of Participants
The characteristics of participants stratified by sarcopenia are presented in Table 1. Among the 3079 individuals were included in analysis, 870 (28.26%) participants were diagnosed with S. Compared with the non- sarcopenia group, the sarcopenia group tend to be older, to have higher sedentary physical activity, triglycerides, CRP, and serum creatinine, and lower serum albumin, and serum calcium. Moreover, the prevalence of diabetes was significantly higher in participants with sarcopenia compared to non-sarcopenic participants.
Homocysteine and Sarcopenia Risk 
[bookmark: OLE_LINK8][bookmark: OLE_LINK12]Table 2 showed the association between homocysteine and risk of sarcopenic. Homocysteine was significantly associated with an increased risk of sarcopenic in Model 1 (OR = 1.021 [95% CI, 1.006, 1.036]). These associations persisted after further adjusting for age, gender, and race/ethnicity in Model 2 (OR = 1.017 [95% CI, 1.001, 1.034]), additionally adjusting for total protein, total cholesterol, HDL cholesterol, triglycerides, hemoglobin, serum albumin, serum calcium, C-reactive protein (CRP), and serum creatinine in Model 3 (OR = 1.029 [95% CI, 1.009, 1.049]), and additionally adjusting for education, physical activity, smoking status, hypertension, and diabetes in Model 4 (OR = 1.023 [95% CI, 1.003, 1.043]). 
[bookmark: OLE_LINK11][bookmark: OLE_LINK13][bookmark: OLE_LINK20]Subgroup analysis was performed to examine whether the association between homocysteine and risk of sarcopenic were consistent among different population groups (Figure 2). Homocysteine was associated with an increased risk of sarcopenic in populations of female (OR = 1.04 [95% CI, 1.01, 1.06]), with an education level of lower than high school (OR = 1.03 [95% CI, 1.01, 1.06]), with low physical activity level (OR = 1.03 [95% CI, 1.01, 1.06]), with hypertension (OR = 1.04 [95% CI, 1.01, 1.06]), without diabetes (OR = 1.02 [95% CI, 1.01, 1.05]), smoker (OR = 1.03 [95% CI, 1.01, 1.06]), and with BMI between 24.9 and 29.9 (OR = 1.03 [95% CI, 1.01, 1.07]). The interaction with the hypertension is remarkable (Pint = 0.013), indicating that the association between homocysteine and sarcopenic was more pronounced in participants with hypertension than without hypertension. The interactions with other group are not statistically significant.

[bookmark: _Hlk91319915]Discussion
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]In the current study, we used the data from population-based national survey to investigate whether homocysteine was associated with sarcopenia in US older adults. After fully adjusting for confounders, we found a positive association between homocysteine and the risk of sarcopenia. In addition, subgroup analysis indicated that the association between homocysteine and sarcopenia was more pronounced among participants with hypertension.
Sarcopenia is an age-related disease characterised by a progressive decline of skeletal muscle mass, strength, and function [19]. Currently, the pathogenesis of sarcopenia mainly including chronic inflammation, muscle mitochondrial dysfunction, redox imbalance, muscle cell autophagy, and impaired satellite cell function [20]. It is well known that homocysteine is an indicator closely related to inflammation. The pro-inflammatory properties of homocysteine may increase proteolysis of muscle and reduce its regenerative capacity, and ultimately lead to the development of sarcopenia [21]. Several previous studies have explored the association between homocysteine and sarcopenia. A cross-sectional study from Japan found that homocysteine was negatively associated with hand grip strength, but not with sarcopenia in memory clinic older outpatients [22]. Another cross-sectional study from Taiwan reported that hyperhomocysteinemia was associated with decreased muscle mass in the elderly hemodialysis patients, suggesting that lowering homocysteine levels may bring positive effect on muscle mass [23]. Results from a I-Lan longitudinal aging study showed that high levels of homocysteine were independently associated with sarcopenia in middle-aged and older community-dwelling adults [12]. In the present study, we observed a positive association between homocysteine and sarcopenia in US older adults, and the correlation remained after fully adjustment for other confounders.
[bookmark: OLE_LINK18]The pathological mechanism for the link of homocysteine and sarcopenia were not fully understand. Until now, many studies have explored the possible molecular mechanisms for the link between homocysteine and sarcopenia. A study in mice found that hyperhomocysteinemia may inhibit satellite cell proliferation through excessive oxidative stress and p38 MAPK signaling, indicating that it is a potential risk factor for frailty in older [24]. Hyperhomocysteinemia might induce muscle atrophy in mice by reducing the PGC-1/PPARγ axis after ischemia, leading to a decrease in the anti-oxidant capacity of skeletal muscle [25]. Recent evidence suggests that hyperhomocysteinemia mediated epigenetic modification might augment mir-494 levels, diminish mtTFA amount and reduce ATP production, leading to mitochondrial dysfunction and inducing a decline in skeletal muscle function [26]. Hyperhomocysteinemia could affects muscle function by inducing multiple inflammatory factors that lead to skeletal muscle fibrosis [27]. In a mouse model, hyperhomocysteinemia mediates decreased collateral formation and angiogenesis in muscle fibers and contributes to muscle frailty [28]. In addition, increased levels of homocysteine could contribute to severe muscle atrophy via oxidative and ER-stress dependent mechanisms [29].
In subgroup analysis and interaction analysis, we found that after fully adjusting for other covariates, the association of homocysteine and the risk of S was more pronounced in a population with hypertension and the interaction with hypertension status is statistically significant. Hyperhomocysteinemia can cause vascular endothelial damage and is one of the risk factors for hypertension. A meta-analysis of 40,173 individuals implementing Mendelian randomization provided evidence on causal link between homocysteine level and the risk of hypertension [30]. Another meta-analysis study conducted by Bai T et al. concluded that sarcopenia was associated with hypertension, and sarcopenia was a risk factor for the hypertension [31]. At the same time, the proportion of people with high blood pressure suffering from sarcopenia is higher than the normal population [32]. Accordingly, it is necessary for us to take more active measures to reduce homocysteine levels in hypertension population. Further prospective cohort studies are needed to assess our results.
The biggest merit of our study is the inclusion of a large and representative samples of the multi-ethnic population, which allowed us to better conduct subgroup analyses. However, several limitations need to be acknowledged. Firstly, it is hard to determine the causality between homocysteine and sarcopenia due to the nature of the cross-sectional study. Secondly, the definition of sarcopenia includes loss of muscle mass and muscle strength. However, data on muscle strength were not available in most participants and we only defined sarcopenia focuses on low muscle mass which used in previous studies [33, 34]. Thirdly, there may be other several potential confounding variables associated with homocysteine and sarcopenia were not adjusted which could alter the results. 

CONCLUSIONS
In summary, we found a positive association between homocysteine and the risk of S in US older adults. Further studies are needed to validate our results and to assess the mechanisms underlying this association.
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Figure Legends
Figure 1 Flowchart of the participants selection.
Figure 2 Association between homocysteine and risk of sarcopenia in different subgroups. Age, gender, race/ethnicity, total protein, total cholesterol, HDL cholesterol, triglycerides, hemoglobin, serum albumin, serum calcium, C-reactive protein (CRP), serum creatinine, education, physical activity, smoking status, hypertension, and diabetes were adjusted (the stratified variable was omitted from the model).




















[bookmark: _GoBack]Table 1 Baseline characteristics of participants according to sarcopenia status
	
	Total
(n = 3079)
	No Sarcopenia 
(n = 2209)
	Sarcopenia 
(n = 870)
	P-value

	Age (y)
	70.44 ± 7.86
	69.72 ± 7.67
	72.29 ± 8.05
	<0.001

	Gender (%)
	
	
	
	0.796

	Male
	50.60
	50.75
	50.23
	

	Female
	49.40
	49.25
	49.77
	

	Race (%)
	
	
	
	<0.001

	Non- Hispanic White
	58.14
	59.48
	54.71
	

	Non- Hispanic Black
	14.29
	18.92
	2.53
	

	Mexican American
	21.50
	15.98
	35.52
	

	Other Hispanic
	2.89
	2.49
	3.91
	

	Other ethnicity
	3.18
	3.12
	3.33
	

	Education (%)
	
	
	
	<0.001

	Lower than high school
	37.12
	33.06
	47.41
	

	High school
	23.46
	23.90
	22.33
	

	More than high school
	39.43
	43.04
	30.27
	

	Physical activity (%)
	
	
	
	<0.001

	Sedentary
	30.37
	27.80
	36.90
	

	Low
	25.24
	24.58
	26.90
	

	Moderate
	16.82
	17.61
	14.83
	

	High
	27.57
	30.01
	21.38
	

	Hypertension (%)
	
	
	
	0.195

	Yes
	53.20
	52.47
	55.06
	

	No
	46.80
	47.53
	44.94
	

	Diabetes (%)
	
	
	
	0.005

	Yes
	21.18
	19.87
	24.48
	

	No
	78.82
	80.13
	75.52
	

	Smoking status (%)
	
	
	
	0.218

	Non-smoker
	46.28
	45.59
	48.05
	

	Smoker
	53.72
	54.41
	51.95
	

	Total protein (g/dL)
	7.31 ± 0.51
	7.32 ± 0.51
	7.29 ± 0.50
	0.283

	Total cholesterol (mg/dl)
	210.25 ± 43.00
	210.30 ± 42.89
	210.12 ± 43.33
	0.427

	HDL cholesterol (mg/dl) 
	54.03 ± 16.68
	54.28 ± 16.77
	53.42 ± 16.43
	0.163

	Triglycerides (mg/dl)
	153.41 ± 113.89
	149.89 ± 110.36
	162.34 ± 122.02
	<0.001

	Hemoglobin (g/dL)
	14.27 ± 1.41
	14.26 ± 1.40
	14.27 ± 1.45
	0.664

	Serum albumin (g/dL)
	4.23 ± 0.31
	4.24 ± 0.31
	4.19 ± 0.32
	<0.001

	Serum calcium (mg/dl)
	9.49 ± 0.41
	9.50 ± 0.42
	9.46 ± 0.40
	0.027

	CRP (mg/dl)
	0.50 ± 0.97
	0.46 ± 0.78
	0.62 ± 1.34
	<0.001

	Serum creatinine (mg/dl)
	1.17 ± 0.37
	1.15 ± 0.35
	1.21 ± 0.40
	<0.001


Mean ± SD for continuous variables and P value was calculated by Kruskal-Wallis test. % for Categorical variables and P value was calculated by weighted chi-square test. 
Abbreviations: CRP: C-reactive protein.


Table 2 Association between homocysteine and risk of sarcopenia.
	
	OR (95% CI)
	P value

	Model 1
	1.021 (1.006, 1.036)
	0.005

	Model 2
	1.017 (1.001, 1.034)
	0.035

	Model 3
	1.029 (1.009, 1.049)
	0.018

	Model 4
	1.023 (1.003, 1.043)
	0.021


Model 1: no covariate was adjusted. 
Model 2: age, gender, race/ethnicity were adjusted.
Model 3: additionally adjusted for total protein, total cholesterol, HDL cholesterol, triglycerides, hemoglobin, serum albumin, serum calcium, C-reactive protein (CRP), and serum creatinine.
Model 4: additionally adjusted for education, physical activity, smoking status, hypertension, and diabetes.
Abbreviations: CI, confidence interval; OR, odds ratio.


