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Abstract
Copper is essential for various biological processes. However, excess copper has several adverse health effects. The effects of 
serum copper on muscle mass are poorly understood. This study aimed to investigate the association between serum copper 
levels and muscle mass in the US population. We utilized National Health and Nutrition Examination Survey (NHANES) 
data between 2011 and 2016 for analysis. Data on serum copper, muscle mass (measured using the appendicular skeletal 
muscle mass index (ASMI)), and covariates were extracted and analyzed. Weighted multivariate linear regression analyses 
and smooth curve fittings were performed to investigate the association between serum copper levels and ASMI. Subgroup 
analyses stratified according to age and sex were performed. In the presence of nonlinearity, threshold effect analysis was 
performed using a two-piecewise linear regression model. A total of 3860 participants were included in the final analysis. 
Serum copper levels were negatively associated with ASMI in the fully adjusted model. Furthermore, by comparing par-
ticipants in the highest and lowest tertiles of serum copper levels, we found that the ASMI decreased by 0.292 kg/m2. In 
the sex-stratified subgroup analysis, we observed an inverse association between serum copper levels and the ASMI in both 
men and women. When stratified by age, the association remained significant among participants < 40 years of age, but not 
among those ≥ 40 years old. Smooth curve fitting revealed a nonlinear relationship between serum copper and ASMI, with 
an inflection point identified at 150.6 μg/dL. Our study revealed an inverse relationship between serum copper levels and 
muscle mass. This finding improves the current knowledge on the impact of serum copper on muscle loss and highlights the 
importance of serum copper homeostasis in muscle health.

Keywords  Serum copper · Skeletal muscle · Sarcopenia · NHANES

Abbreviations
NHANES	� National Health and Nutrition Examination 

Survey
CDC	� Centers for Disease Control and Prevention
DXA	� dual-energy X-ray absorptiometry
ASM	� appendicular skeletal muscle mass

ASMI	� appendicular skeletal muscle mass index
FIPR	� family income to poverty ratio
BMI	� body mass index
WBC	� white blood cell counts
AST	� aspartate aminotransferase

Responsible Editor: Lotfi Aleya

 *	 Wenge Liu 
	 lwgspine@126.com

	  Zhi Chen 
	 810316156@qq.com

	 Dingxiang Hu 
	 2783865508@qq.com

	 Dingwei Wu 
	 3ttl@msn.cn

	 Chenyang Song 
	 chenyang_song@sina.com

	 Jun Sun 
	 621070520@qq.com

1	 Department of Orthopedics, Fujian Medical University 
Union Hospital, Fuzhou 350001, Fujian, China

2	 School of Health, Fujian Medical University, Fuzhou 350108, 
Fujian, China

3	 Department of Emergency, Zhaotong Traditional Chinese 
Medicine Hospital, Zhaotong 657000, Yunnan, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-023-31599-x&domain=pdf


6848	 Environmental Science and Pollution Research (2024) 31:6847–6856

1 3

Introduction

Sarcopenia is an age-related syndrome characterized by 
the loss of muscle mass, strength, and function (Genest 
et al. 2021). Previous studies have reported that 10% of 
the elderly population in the community and half of the 
elderly population in nursing homes are affected by sar-
copenia, leading to poorer physical performance, worse 
quality of life, and a higher risk of adverse outcomes and 
mortality (Bruyère et al. 2019, Papadopoulou et al. 2020). 
Considering the high prevalence and serious consequences 
of sarcopenia, there is an urgent need to investigate its 
etiology and pathogenesis.

To date, the pathophysiology of sarcopenia has not 
been fully elucidated. Previous studies indicated that 
immunological dysfunction, insulin resistance, and hor-
monal imbalances are closely associated with sarcope-
nia (Cho et al. 2022, Nishikawa et al. 2021). The role of 
trace elements in muscle metabolism and function has 
recently attracted considerable attention (van Dronke-
laar et al. 2018). Magnesium deficiency is thought to be 
associated with muscle loss and dysfunction (Yang et al. 
2022). Zinc deficiency disrupts skeletal muscle proteo-
stasis and mitochondrial function, thereby shrinking cell 
volume and promoting cell death (Reddy et al. 2022). A 
lack of iron can impair functional capacity (Neidlein et al. 
2021), whereas iron overload is associated with muscle 
loss (Chen et al. 2022a). Copper is an essential trace ele-
ment for the human body; however, it becomes toxic if its 
concentration exceeds a certain threshold (Tsvetkov et al. 
2022). Several studies have revealed that excessive cop-
per is associated with adverse health outcomes, such as 

polycystic ovarian syndrome, heart failure, and cancers 
(Feng et al. 2020, Huang et al. 2019, Jiang et al. 2021). 
Regarding the musculoskeletal system, some researchers 
have identified an inverse association between serum cop-
per and handgrip strength (Luo et al. 2023), but the effect 
of serum copper on muscle mass remains unexplored. 
Therefore, we conducted this study to investigate the asso-
ciation between serum copper levels and muscle mass in 
the US population.

Materials and methods

Data source

The NHANES is a continuous program conducted by the 
Centers for Disease Control and Prevention (CDC). It was 
designed to evaluate the health and nutritional well-being of 
both adults and children in the USA. The NHANES com-
prises data from roughly 5000 participants each year and 
includes household interviews, physical examinations, and 
laboratory results. The Ethics Review Board of the National 
Center for Health Statistics approved all NHANES proto-
cols, and the participants provided consent for the utilization 
of their data in research endeavors (Chen et al. 2022b).

Study population

In this study, we analyzed data obtained from three 2-year 
cycles of NHANES (2011–2016). The eligible participants 
had complete data on serum copper levels, appendicular 
skeletal muscle mass (ASM, kg), and standing height. We 
excluded participants who were pregnant (n = 238), had 

Fig. 1   The flowchart of selec-
tion processes
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cancer (n = 1448), or lacked data on serum copper levels 
(n = 21,355), ASM (n = 2527), and standing height (n = 
474). (Figure 1 illustrates the screening processes.) Data on 
serum copper level, appendicular lean muscle mass, stand-
ing height, and covariates were extracted and analyzed for 
each participant.

Study variables

Serum copper

The independent variable, serum copper (μg/dL), was meas-
ured by inductively coupled plasma dynamic reaction cell 
mass spectrometry (ICP-DRC-MS).

Muscle mass

Dual-energy X-ray absorptiometry (DXA) scans (Hologic, 
Inc., Bedford, Massachusetts) provided bone and soft tis-
sue measurements of the entire body, including the head, 
trunk, arms, and legs. ASM was defined as the sum of the 
lean muscle mass of both arms and legs (Chen et al. 2021b). 
ASMI (kg/m2) was calculated by dividing the ASM by the 
height square (ASM/ht2) (Kim et al. 2016).

Covariates

Based on previous literature, the following variables were 
selected as covariates (Bruno et al. 2022, Chen et al. 2022a, 
Chen et al. 2022b, Prokopidis &Witard 2022). The demo-
graphic variables included age, sex (man or woman), race 
(Hispanic, non-Hispanic White, non-Hispanic Black, and 
other races), education level (< high school, high school, > 
high school), and the family income to poverty ratio (FIPR). 
Based on the analytic guideline of NHANES, the FIPR was 
categorized as follows: low, <1.3; middle, 1.3–3.5; and 
high, >3.5 (Johnson et al. 2013). Participants who smoked 
fewer than 100 cigarettes in their lifetime were considered 
as never smokers. Participants who had smoked more than 
100 cigarettes but had not smoked at the time of the survey 
were defined as former smokers. Those who had smoked 
100 cigarettes in their lifetime and smoked cigarettes at the 
time of the survey were categorized as current smokers (Liu 
et al. 2019). Vigorous recreational activities were defined 
as active or inactive by the questionnaire “do you do any 
high-intensity sports, fitness, or recreational activities that 
cause large increases in breathing or heart rate like running 
or basketball for at least 10 min continuously in a typical 
week?” (Wu et al. 2023). Body mass index (BMI, kg/m2) 
was calculated using body measurements. White blood 
cell counts (WBC, 1000 cells/μL) and hemoglobin levels 
(g/dL) were measured using the Coulter® DxH 800 ana-
lyzer. Glycohemoglobin levels were measured using a G7/

G8 Glycohemoglobin analyzer. Insulin levels were meas-
ured using a TOSOH AIA-900 Chemistry Analyzer. Fasting 
glucose levels were measured using a Roche/Hitachi Cobas 
C 501 Chemistry Analyzer. Serum albumin (g/dL), globu-
lin (g/dL), total protein (g/dL), aspartate aminotransferase 
(AST) (IU/L), uric acid (mg/dL), and creatinine levels (mg/
dL) were measured using a Beckman UniCel® DxC800 
Synchron. High-density lipoprotein (HDL)-cholesterol (mg/
dL), low-density lipoprotein (LDL)-cholesterol (mg/dL), 
total cholesterol (mg/dL), and triglyceride (mg/dL) levels 
were measured using Roche/Hitachi Modular P Chemistry 
Analyzer. Vitamin D levels were measured using high-per-
formance liquid chromatography-tandem mass spectrometry 
(Bruno et al. 2022, Chen et al. 2022b). The details of the 
laboratory procedures, data processing, quality control, and 
analytic notes are available on the NHANES website (http://​
wwwn.​cdc.​gov/​nchs/​nhanes/) (Johnson et al. 2013).

Statistical analysis

Statistical analyses were performed using R 3.4.3 (https://​
www.r-​proje​ct.​org/) and EmpowerStats 2.0 (http://​www.​
empow​ersta​ts.​com), with P < 0.05 considered statisti-
cally significant. All estimates were calculated using the 
NHANES sample weights. Continuous variables were com-
pared using a weighted linear regression model, and categor-
ical variables were compared using a weighted chi-square 
test. Weighted multivariable linear regression analyses were 
conducted to explore the association between serum copper 
levels and the ASMI. Subgroup analyses stratified accord-
ing to age and sex were performed. Generalized additive 
models and smooth curve fittings were used to detect the 
nonlinear relationships. In the presence of nonlinearity, a 
two-piecewise linear regression model was used to analyze 
the threshold effect.

Results

A total of 3860 participants were included in the final analy-
sis. There were 1965 men with a mean age of 32.992 years 
and 1895 women with a mean age of 32.714 years. Men 
were more likely than women to have higher levels of hemo-
globin, AST, creatinine, uric acid, albumin, total protein, 
glycohemoglobin, fasting glucose, LDL, triglyceride, ASM, 
and ASMI and lower levels of serum copper, WBC, globu-
lin, HDL, and vitamin D (Table 1).

Association between serum copper and ASMI

Table 2 presents three sets of regression models used in this 
study: unadjusted model (model 1), partially adjusted model 
(model 2), and fully adjusted model (model 3). We observed 

http://wwwn.cdc.gov/nchs/nhanes/
http://wwwn.cdc.gov/nchs/nhanes/
https://www.r-project.org/
https://www.r-project.org/
http://www.empowerstats.com
http://www.empowerstats.com
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negative associations between serum copper and ASMI in 
both model 1 (β = −0.006, 95% confidence interval [CI] 
−0.008, −0.004, P < 0.00001) and model 3 (β = −0.003, 
95% CI −0.004, −0.001, P = 0.0088), but not in model 2 (β 

= 0.003, 95% CI 0.002, 0.005, P = 0.00006). Furthermore, 
by comparing participants in the highest vs. the lowest tertile 
of serum copper, we found that ASMI decreased by 0.292 
kg/m2, P trend < 0.001 (model 3).

Table 1   Baseline characteristics 
of study participants

BMI body mass index, WBC white blood cell counts, AST aspartate aminotransferase, ASM appendicu-
lar skeletal muscle mass, ASMI appendicular skeletal muscle index, FIPR family income to poverty ratio. 
Mean ± SD for continuous variables: P-value was calculated by weighted linear regression model. Percent 
for categorical variables: P-value was calculated by weighted chi-square test

Characteristics Man Woman P-value

n 1965 1895
Age (year) 32.992 ± 14.851 32.714 ± 14.707 0.55949
BMI (kg/m2) 27.017 ± 6.257 27.491 ± 7.460 0.03215
Serum copper (μg/dL) 103.880 ± 19.769 128.239 ± 32.874 < 0.00001
Hemoglobin (g/dL) 14.988 ± 1.180 13.325 ± 1.083 < 0.00001
WBC (1000 cells/μL) 7.144 ± 2.180 7.413 ± 2.199 0.00014
AST (IU/L) 28.061 ± 16.115 24.224 ± 21.345 < 0.00001
Creatinine (mg/dL) 0.928 ± 0.185 0.726 ± 0.225 < 0.00001
Uric acid (mg/dL) 5.969 ± 1.229 4.557 ± 1.103 < 0.00001
Albumin (g/dL) 4.504 ± 0.280 4.312 ± 0.311 < 0.00001
Globulin (g/dL) 2.687 ± 0.381 2.840 ± 0.419 < 0.00001
Total protein (g/dL) 7.191 ± 0.426 7.152 ± 0.428 0.00847
Glycohemoglobin (%) 5.475 ± 0.845 5.401 ± 0.748 0.00782
Insulin (μU/Ml) 13.280 ± 12.498 12.404 ± 10.253 0.14288
Fasting glucose (mg/dL) 104.525 ± 27.829 98.834 ± 22.950 0.00002
HDL-cholesterol (mg/dL) 48.483 ± 13.140 57.008 ± 15.474 < 0.00001
LDL-cholesterol (mg/dL) 112.601 ± 36.597 108.179 ± 33.883 0.01632
Total cholesterol (mg/dL) 181.999 ± 41.870 182.557 ± 39.587 0.67299
Triglyceride (mg/dL) 132.846 ± 131.162 94.545 ± 63.734 < 0.00001
Vitamin D (nmol/L) 63.158 ± 21.449 67.307 ± 27.373 < 0.00001
ASM (kg) 25.488 ± 6.571 17.812 ± 4.569 < 0.00001
ASMI (kg/m2) 8.470 ± 1.640 6.855 ± 1.452 < 0.00001
Race 0.62435
  Hispanic 18.720 20.039
  Non-Hispanic White 60.574 58.591
  Non-Hispanic Black 11.705 11.908
  Other races 9.000 9.462
Education 0.00339
  <High school 31.647 30.981
  High school 19.199 15.484
  >High school 49.154 53.534
FIPR 0.55218
  Low 24.846 26.345
  Middle 35.711 34.495
  High 39.443 39.160
Vigorous recreational activities < 0.00001
  Yes 41.984 34.613
  No 58.016 65.387
Smoking status < 0.00001
  Never smoker 53.840 68.076
  Former smoker 21.883 13.162
  Current smoker 24.277 18.762
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When stratified by sex, negative associations were 
observed between serum copper and ASMI in both men 
(model 3: β = −0.004, 95% CI −0.007, −0.000, P = 
0.03940) and women (model 3: β = −0.002, 95% CI −0.004, 
−0.001, P = 0.01041) (Table 3).

When stratified by age, a negative association was 
observed between serum copper and ASMI in those aged 
< 40 years (model 3: β = −0.003, 95% CI −0.005, −0.001, 
P = 0.00445), but not in those aged 40 ≥ years (model 3: β 
= −0.002, 95% CI −0.006, 0.001, P = 0.14760) (Table 4).

Threshold effect analysis

Smooth curve fitting revealed a nonlinear relationship 
between serum copper and ASMI, with an inflection point 
identified at 150.6 μg/dL. When serum copper was < 150.6 

μg/dL, a one-unit increase in serum copper was associated 
with 0.005 units reduction in ASMI (Fig. 2 and Table 5). 
Stratified by age and sex, nonlinear relationships were 
detected among women, those who aged < 40 years, and 
those who aged ≥ 40 years, with the inflection points identi-
fied at 134.2 μg/dL, 167.4 μg/dL, and 139.1 μg/dL, respec-
tively (Fig. 3 and Table 6).

Discussion

Muscle health plays an important role in maintaining func-
tion and independence in older ages (Lee et al. 2022). As co-
factors of metalloenzymes, minerals involved in various bio-
logical processes are indispensable for survival. A growing 
body of evidence suggests that essential and non-essential 

Table 2   Relationship between serum copper and ASMI

Model 1: no covariates were adjusted. Model 2: age, gender, and race were adjusted. Model 3: age, gender, race, hemoglobin, WBC, AST, creati-
nine, uric acid, albumin, globulin, total protein, glycohemoglobin, insulin, HDL, LDL, total cholesterol, triglyceride, vitamin D, BMI, education, 
FIPR, vigorous recreational activities, smoking status, and fasting glucose were adjusted

Outcome Model 1 Model 2 Model 3

β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value

Serum copper −0.006 (−0.008, −0.004) < 0.00001 0.003 (0.002, 0.005) 0.00006 −0.003 (−0.004, −0.001) 0.0088
Serum copper (tertiles)
  Q1 (24.7–101.4) Reference Reference Reference
  Q2 (101.5–123.1) −0.146 (−0.279, −0.013) 0.03184 0.032 (−0.079, 0.143) 0.57483 −0.072 (−0.175, 0.031) 0.17032
  Q3 (123.2–289.8) −0.417 (−0.552, −0.282) < 0.00001 0.194 (0.072, 0.317) 0.00187 −0.292 (−0.414, −0.170) < 0.00001
P for trend < 0.001 0.002 <0.001

Table 3   Association between serum copper and ASMI stratified by gender

Model 1: no covariates were adjusted. Model 2: age and race were adjusted. Model 3: age, race, hemoglobin, WBC, AST, creatinine, uric acid, 
albumin, globulin, total protein, glycohemoglobin, insulin, HDL, LDL, total cholesterol, triglyceride, vitamin D, BMI, education, FIPR, vigor-
ous recreational activities, smoking status, and fasting glucose were adjusted

Outcome Model 1 Model 2 Model 3

β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value

Man −0.001 (−0.005, 0.002) 0.45763 −0.004 (−0.007, −0.000) 0.03143 −0.004 (−0.007, −0.000) 0.03940
Woman 0.009 (0.007, 0.011) < 0.00001 0.007 (0.005, 0.009) < 0.00001 −0.002 (−0.004, −0.001) 0.01041

Table 4   Association between serum copper and ASMI stratified by age

Model 1: no covariates were adjusted. Model 2: gender and race were adjusted. Model 3: gender, race, hemoglobin, WBC, AST, creatinine, uric 
acid, albumin, globulin, total protein, glycohemoglobin, insulin, HDL, LDL, total cholesterol, triglyceride, vitamin D, BMI, education, FIPR, 
vigorous recreational activities, smoking status, and fasting glucose were adjusted

Outcome Model 1 Model 2 Model 3

β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value

Age < 40 −0.005 (−0.007, −0.003) 0.00001 0.004 (0.002, 0.006) 0.00065 −0.003 (−0.005, −0.001) 0.00445
Age ≥ 40 −0.011 (−0.014, −0.007) < 0.00001 0.006 (0.002, 0.009) 0.00117 −0.002 (−0.006, 0.001) 0.14760
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trace elements are correlated with body composition and 
metabolic syndrome (Ngu et al. 2022). Magnesium is posi-
tively correlated with muscle mass and function (Welch et al. 
2017). Calcium, potassium, and sodium are essential met-
als for healthy and normal muscle function (van Dronkelaar 
et al. 2018). Iron is a double-edged sword. Literature reports 
that iron deficiency leads to physical dysfunction, whereas 
excessive iron deposition is toxic (Chen et al. 2022a, Ho 
et al. 2022). Copper is also an essential micronutrient, and 
alterations in its serum levels can potentially affect human 
health. Our results revealed that serum copper levels were 

negatively associated with the ASMI, especially in men and 
women aged < 40 years.

Copper is significantly involved in various physiological 
and pathological conditions by regulating various biologi-
cal processes, including mitochondrial oxidation, phospho-
rylation, iron mobilization, blood coagulation, antioxidant 
defense, and neuropeptide maturation (Liu & Miao 2022, 
Xiao et al. 2022). A complex regulatory mechanism main-
tains copper homeostasis and prevents copper deficiency or 
excess (Kim et al. 2010). Copper deficiency can cause leu-
kopenia, myeloneuropathy, cardiac hypertrophy, and heart 
failure (Gaier et al. 2012, Liu & Miao 2022). However, cop-
per overload leads to the generation of free radicals, which 
induces oxidative stress. Previous studies have reported that 
excessive copper levels can lead to progressive liver injury, 
diabetes mellitus, metabolic syndrome, Alzheimer’s disease, 
and death (Chen et al. 2021a, Gaier et al. 2012, Lu et al. 
2021). Some scholars have speculated that there might be 
a connection between increased serum copper levels and 
decreased muscle mass and function with age (Cruz-Jentoft 
&Sayer 2019, Malavolta et al. 2015). In a cross-sectional 
study, Wu et al. found that higher serum concentrations of 
copper were associated with an increased fat percentage in 

Fig. 2   The relationship between 
serum copper and ASMI. a 
Each black point represents 
a sample. b Solid red line 
represents the smooth curve fit 
between variables. Blue bands 
represent the 95% of confidence 
interval from the fit

Table 5   Threshold effect analysis of serum copper on ASMI using 
the two-piecewise linear regression model

Age, gender, race, hemoglobin, WBC, AST, creatinine, uric acid, 
albumin, globulin, total protein, glycohemoglobin, insulin, HDL, 
LDL, total cholesterol, triglyceride, vitamin D, BMI, education, 
FIPR, vigorous recreational activities, smoking status, and fasting 
glucose were adjusted

Adjusted β (95% CI) P-value

Copper < 150.6 μg/dL −0.005 (−0.008, −0.003) < 0.0001
Copper > 150.6 μg/dL 0.001 (−0.003, 0.004) 0.6144

Fig. 3   The subgroup analysis of 
the relationship between serum 
copper and ASMI. a Stratified 
by gender. b Stratified by age
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the limbs (Wu et al. 2023). Consistent with this, another 
study revealed that children with the highest serum levels 
of copper had an increased risks of obesity compared with 
those with the lowest levels (Fan et al. 2017). Furthermore, 
a meta-analysis reported that compared with controls, the 
serum copper concentration was higher in obese children 
(Gu et al. 2020). In a cohort study, Gaier et al. found that 
participants with higher copper levels displayed slower walk-
ing speeds and a longer time on the get-up-and-go test (Gaier 
et al. 2012). Furthermore, Lee et al. reported that hair copper 
concentrations were significantly higher in participants with 
low muscle mass than in those with normal muscle mass, 
even after adjusting for covariates (Lee et al. 2022). First, 
we observed a negative association between serum copper 
levels and muscle mass in the general population.

Two decades ago, researchers found that serum copper 
concentration increased with age (Madarić et al. 1994). It has 
been proposed that this change may be driven by age-related 
increases in oxidative stress, chronic inflammation, and hor-
monal changes (Malavolta et al. 2015, Milanino et al. 1993). 
Recently, some scholars have suggested that PM2.5 may be 
another reason for elevated copper levels. PM2.5 particles 
can adsorb and bind with heavy metals such as copper. When 
these particles are inhaled into the respiratory tract, copper 
can diffuse through the alveolar walls into the blood circu-
lation and accumulated in the liver. When copper storage 
exceeds the liver’s detoxification capacity of the liver, the 
liver releases copper, leading to an increase in serum cop-
per concentration.(Julian F.B. Mercer 2001; López-Alonso 
et al. 2006). Animal experiments have shown that serum 
copper levels increase with exposure to PM2.5. (Li et al. 
2015). A cross-sectional study in China found that serum 
copper and ceruloplasmin levels were higher in workers with 
silicosis than those without silicosis, and these levels were 

positively correlated with the exposure time (Beshir et al. 
2015). Other components of PM2.5, such as smoke, may 
also affect the serum copper levels. Women who smoked 
had higher serum copper concentrations than nonsmokers. 
(Jasińska-Starczewska et al. 2017). In addition to PM2.5, 
other factors such as excessive copper intake and metabolic 
disorders may also cause elevated serum copper concentra-
tions (N C O’Neill and M S Tanner 1989; Julian F.B. Mer-
cer 2001). One study has shown that long-term exposure 
to PM2.5 is significantly associated with an increase in the 
prevalence of sarcopenia (Zhang et al. 2023). In low- and 
middle-income countries, each 10-μg/m3 increase in aver-
age outdoor PM2.5 concentration is associated with a 0.70-
kg decrease in grip strength (Lin et al. 2019). Chen et al. 
found that long-term exposure to PM2.5 was associated with 
reduced skeletal muscle mass and increased body fat mass in 
older people (Chen et al. 2019). Although the link between 
excessive copper intake and various disorders has gradually 
been recognized, the underlying mechanisms have not been 
sufficiently delineated. Some studies have revealed that ele-
vated serum copper levels are associated with the dysregula-
tion of sex hormones. Copper has a xenoestrogenic effect on 
the estradiol feedback pathway, which is assumed to form 
a negative feedback loop in the hypothalamus-pituitary-
gonadal axis and reduces testosterone and estradiol release 
(Roychoudhury et al. 2016). Testosterone and estradiol are 
essential for maintaining skeletal muscle mass and func-
tion. They can stimulate satellite cell proliferation and limit 
inflammatory stress damage (Sipilä et al. 2013). Addition-
ally, a meta-analysis confirmed that the serum copper levels 
were positively associated with inflammatory markers, sug-
gesting that copper may modulate inflammation (Wang et al. 
2023). Chronic low-grade inflammation has been confirmed 
to be an important reason of muscle loss (Chen et al. 2022b). 
Furthermore, elevated levels of serum copper levels can trig-
ger oxidative stress by promoting reactive oxygen species 
(ROS) production and decreasing glutathione levels (Jomova 
&Valko 2011). Excessive ROS may damage macromolecules 
such as lipids, proteins, and nucleic acids, thereby causing 
cuproptosis (Fig. 4) (Tsvetkov et al. 2022). Therefore, it is 
necessary to focus on the prevention, monitoring, and man-
agement of copper overload.

Limitations

This study has some limitations. Firstly, due to the cross-sec-
tional nature of this study, the causal relationship between 
serum copper levels and muscle loss could not be evaluated. 
Secondly, due to the lack of data on muscle strength and 
function, the associations between serum copper and these 
parameters could not be explored. Thirdly, DXA scans were 
performed only in 8–59-year-old participants in this study; 

Table 6   Threshold effect analysis of serum copper on ASMI in 
woman, age < 40 years, and age ≥ 40 years using the two-piecewise 
linear regression model

Race, hemoglobin, WBC, AST, creatinine, uric acid, albumin, globu-
lin, total protein, glycohemoglobin, insulin, HDL, LDL, total choles-
terol, triglyceride, vitamin D, BMI, education, FIPR, vigorous recrea-
tional activities, smoking status, and fasting glucose were adjusted

Adjusted β (95% CI) P-value

Woman
  Copper < 134.2 μg/dL −0.006 (−0.010, −0.002) 0.0021
  Copper > 134.2 μg/dL −0.000 (−0.003, 0.002) 0.8725
Age < 40 years
  Copper < 167.4 μg/dL −0.005 (−0.008, −0.003) 0.0002
  Copper > 167.4 μg/dL 0.002 (−0.002, 0.007) 0.2998
Age ≥ 40 years
  Copper < 139.1 μg/dL −0.006 (−0.010, −0.002) 0.0077
  Copper > 139.1 μg/dL 0.005 (−0.002, 0.012) 0.1473
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Fig. 4   Schematic illustration 
of the probably mechanism of 
copper overload-induced muscle 
loss
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therefore, studies targeting elderly populations, who are 
more susceptible to muscle loss, are still needed.

Conclusion

The present study demonstrated an inverse relationship 
between serum copper and muscle mass. This finding helps 
us understand the impact of serum copper on muscle loss 
and highlights the importance of serum copper homeostasis 
in muscle health. Further studies are required to investigate 
these underlying mechanisms.
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