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Abstract
The potential mechanisms underlying the association between copper (Cu) exposure and impaired liver function are unclear. 
This study aimed to investigate the potential associations of dietary Cu intake and plasma Cu levels with liver function 
biomarkers. A cross-sectional study was performed to assess liver function biomarkers—namely, levels of total bilirubin 
(TBIL), direct bilirubin (DBIL), indirect bilirubin (IBIL), alanine transaminase (ALT), and aspartate transaminase (AST)—in 
2376 subjects in Guangxi, China. Dietary Cu intake was determined from a food frequency questionnaire containing 109 
common foods. Plasma Cu concentrations were determined by inductively coupled plasma‒mass spectrometry. Multiple 
linear regression and multivariate restricted cubic splines (RCS) were used to evaluate the correlations of plasma Cu levels 
and dietary Cu levels with liver function biomarkers. The covariate-adjusted results of the linear regression analysis showed 
that plasma Cu levels were significantly negatively correlated with serum IBIL (β =  − 0.37), DBIL (β =  − 0.22), and TBIL 
levels (β =  − 0.32) (all p < 0.05), and dietary Cu was negatively correlated with serum AST levels (β =  − 0.12, p < 0.05). The 
RCS analysis further indicated a negative linear relationship between dietary Cu levels and AST levels. In summary, our 
results suggested that the plasma Cu level is associated with serum bilirubin levels and that dietary Cu intake is associated 
with serum AST levels. Further studies are needed to validate these associations and elucidate the underlying mechanisms.
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Introduction

Liver disease is defined as pathological changes in the liver 
caused by multiple pathogenic factors, both internal and exter-
nal [1]. Liver disease causes serious public health problems 
worldwide due to its high prevalence and poor long-term 
clinical outcomes [2]. In addition to the impact of viruses, 
bacteria, and nutritional factors on liver function, the associa-
tion between metal exposure and biomarkers of liver function 
has received increasing attention [3]. Some metals, especially 
heavy metals, are easily absorbed by the blood and accumulate 
in the body, resulting in serious adverse health effects that are 
difficult to reverse [4]. Therefore, determining the effects of 
metal exposure on the health of the general population and 
elucidating the underlying mechanisms are important.

The liver is one of the main organs responsible for metal 
metabolism and detoxification [5]. Various blood protein 
or enzyme biomarkers have been used to assess hepatic 
function and diagnose liver diseases and liver injury [6, 7]. 
Commonly used clinical indicators of hepatocellular injury 
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include levels of aspartate transaminase (AST), alanine 
transaminase (ALT), and bilirubin [8].

Copper (Cu) is one of the essential micronutrients for 
normal physiological functions, such as cellular respiration, 
protection against oxidative stress, and redox homeostasis 
[9, 10]. Additionally, Cu is a heavy metal and a frequent 
component of environmental pollutants. In the body, the 
liver is responsible for maintaining Cu homeostasis, and 
hepatocytes are the primary site of Cu metabolism within 
the liver, regulating Cu storage and excretion [11, 12]. Evi-
dence of an association between environmental Cu exposure 
and alterations in biomarkers of liver function has accumu-
lated in recent years. For example, positive correlations 
between blood Cu levels and elevated ALT and AST lev-
els were reported in a study of rural residents in southwest 
China [13], and Wang et al. reported that urinary Cu levels 
were positively associated with serum ALT levels in the gen-
eral population of city-dwelling Chinese adults [14].How-
ever, plasma Cu levels were negatively associated with total 
serum bilirubin (TBIL), AST, and ALT levels in a health 
cohort study of workers exposed to manganese [15]. Thus, 
the results of these studies are inconsistent. In addition, 
only a few population studies have reported an association 
between dietary Cu intake and liver injury or liver enzyme 
alterations [16–18]. Animal experiments have demonstrated 
that excessive or insufficient Cu intake causes liver injury 
[19–22]. Therefore, determining the appropriate dietary Cu 
intake will have important public health implications.

A paucity of studies has examined both dietary and 
plasma Cu levels, and evidence of linear or nonlinear dose‒
response relationships between Cu exposure and liver func-
tion biomarkers is lacking. Therefore, we conducted a cross-
sectional study to assess the relationships of dietary Cu 
intake and plasma Cu levels with liver function biomarkers.

Materials and Methods

Study Population

The study population was drawn from a rural population 
that participated in a health survey during 2018–2019 in 
Guangxi Yao Autonomous County in southwestern China. 
Study subjects who met the following criteria were included: 
(a) residing in the study area and (b) aged ≥ 30 years. The 
subjects were excluded based on the following criteria: (a) 
those who did not complete the questionnaire or provided 
incomplete information; (b) those with cardiovascular dis-
ease or liver diseases, such as liver cancer, liver fibrosis, or 
hepatitis virus; (c) those who took herbal medicine or anti-
biotics in the 2 weeks prior to the physical examination; and 
(d) those with abnormal metal values (defined as three times 
the 99th percentile of Cu levels). A total of 2376 subjects 

were included in the analysis. The study was approved by 
the Medical Ethics Committee of Guilin Medical University 
(no. 20180702–3). Written informed consent was provided 
by each participant.

Detection of Liver Function

Fasting blood samples were collected from an elbow vein in 
the morning after at least 12 h of fasting and transported to 
the Laboratory of Gongcheng Yao Autonomous County Peo-
ple’s Hospital by cold-chain transport on the same day. Serum 
TBIL, direct bilirubin (DBIL), indirect bilirubin (IBIL), ALT, 
and AST levels were measured by a chemical autoanalyzer 
(Hitachi 7600–020, Kyoto, Japan) to assess liver function.

Dietary Cu Assessment

Diet was assessed with the Food Frequency Questionnaire 
(FFQ), with reference to the questionnaires designed by Liu 
[23] and Wang et al. [24]. The FFQ is a reasonable, valid, 
and reliable method for assessing long-term average dietary 
intake [25, 26] of 109 common foods. The subjects were asked 
to recall and report their average frequency of consumption 
and the amount consumed per serving over the past year. The 
FFQ was administered with a food album that included dietary 
items and measurement tools, and the weight of each portion 
could be determined by a provided standardized portable elec-
tronic kitchen scale, which measured food portions in grams 
and drink portions in milliliters. The intake of each food item 
was derived by multiplying the serving size by the weight of 
each serving. The energy and nutrient contents of foods were 
calculated in reference to the Chinese Food Composition Table 
(2019) [27]. We calculated the total daily energy intake and 
dietary Cu intake as daily intake = intake amount/frequency.

Plasma Cu Assessment

Plasma samples were stored at – 80 °C until further analysis. 
Cu concentrations in plasma samples were determined by 
inductively coupled plasma‒mass spectrometry (ICP–MS) 
(Thermo Fisher Scientific iCAPRQ01408, USA). The 
detailed method used to determine metal exposure levels is 
described elsewhere [28]. The experiment was performed 
in accordance with the instruction manual. We diluted 
0.1 mL of plasma to 2.0 mL, with an acidic solution con-
taining 0.01% Triton (Triton X-100, Inc.), 0.5% n-butanol 
(Across, Denmark), and 1% nitric acid (ultrapure). The 
standard solutions(100 mL, National Institute of Metrology, 
China) consisted of 43 and 6 elements in mixed standard 
solutions and single standard solutions of Cu, Zn, Fe, Mg, 
and Ca and 1% nitric acid solution. The accuracy of ICP‒
MS was assessed by analyzing certified reference materi-
als included in every 25 samples (ClinChek human plasma 
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controls for trace metals level 1 [No. 8883] and level 2 [No. 
8884]; Recipe Chemicals). Quality control of plasma metal 
content was achieved by three replicate measurements. We 
used mixed plasma sample-spiked recoveries (200 randomly 
selected samples) to assess the precision and accuracy of 
this method. In addition, the standard recovery of plasma 
Cu levels was controlled at 80–120%. The limit of detec-
tion (LOD) for Cu was 0.004 μg/L, and values lower than 
the LOD were replaced with the LOD/√2. The intra-assay 
and inter-assay coefficients of variation in plasma Cu levels 
were below 10%.

Assessment of Covariates

To collect information on sociodemographic characteris-
tics and lifestyle habits, trained interviewers administered 
a face-to-face questionnaire to collect information on the 

following: including sex (male or female), age (30–59 years 
or ≥ 60 years), ethnicity (Han, Yao, or other), occupation 
(farmer or other), years of education (≤ 6 years or > 6 years), 
smoking (yes or no), and alcohol consumption (yes or no). 
Body mass index (BMI) was calculated from weight and 
height data as BMI = weight (kg)/height2  (m2). Smoking 
was defined as currently smoking at least one cigarette per 
day. Alcohol consumption was defined as consuming at least 
50 g or more of alcohol per month [28]. Hypertension was 
defined as a systolic blood pressure ≥ 140 mmHg or dias-
tolic blood pressure ≥ 90 mmHg or indicated by the current 
use of antihypertensive medication [29]. Hyperlipidemia 
was defined as total cholesterol > 5.72 mmol/L triglycer-
ides > 1.70 mmol/L, or current use of lipid-lowering medi-
cation [30]. Type 2 diabetes was defined as a fasting blood 
glucose level ≥ 7.0 mmol/L or self-reported medication for 
diabetes [15].

Table 1  General characteristics of the study population

Abbreviations: BMI, body mass index; ALT, alanine transaminase; AST, aspartate transaminase;IBIL, indirect bilirubin; DBIL, direct bilirubin; 
TBIL, total bilirubin; Cu, copper

Variable Both sexes (n = 2376) Men (n = 932) Women (n = 1444)

Age, years, n (%)
 30–59 1176 (49.49) 405 (43.45) 771 (53.39)

  ≥ 60 1200 (50.51) 527 (56.54) 673 (46.61)
Ethnicity, n (%)
 Han 487 (20.50) 175 (18.78) 312 (21.61)
 Yao 1773 (74.62) 719 (77.15) 1054 (72.99)
 Others 116 (4.88) 38 (4.08) 78 (5.40)

BMI, m/kg2, n (%)
 < 18.5 196 (8.25) 52 (5.58) 144 (9.97)
 18.5–23.9 1437 (60.48) 589 (63.20) 848 (58.73)
 ≥ 24 743 (31.27) 291 (31.22) 452 (31.30)

Years of education, n (%)
 ≤ 6 1547 (65.11) 493 (52.90) 1054 (72.99)
 > 6 829 (34.89) 439 (47.10) 390 (27.01)

Occupation, n (%)
 Farmer 2,169 (91.29) 835 (89.59) 1334 (92.38)
 Other 207 (8.71) 97 (10.41) 110 (7.62)

Type 2 diabetes, yes, n (%) 90 (3.79) 44 (4.72) 46 (3.19)
Hyperlipidemia, yes, n (%) 1158 (48.74) 445 (47.75) 713 (49.38)
Hypertension, yes, n (%) 1091 (45.92) 406 (43.56) 685 (47.44)
Smoking, yes, n (%) 458 (19.28) 451 (48.39) 7 (0.48)
 Alcohol consumption, yes, n (%) 813 (34.22) 532 (57.08) 281 (19.46)

ALT level (U/L) 17.00 (14.00, 23.00) 19.00 (15.00, 25.00) 16.00 (13.00, 21.00)
AST level (U/L) 21.00 (19.00, 25.00) 23.00 (19.25, 27.00) 21.00 (18.00, 25.00)
IBIL level (μmol/L) 9.30 (7.50, 11.60) 9.90 (7.93, 12.90) 9.00 (7.30, 11.00)
DBIL level (μmol/L) 3.50 (2.80, 4.60) 4.10 (3.20, 5.40) 3.30 (2.70, 4.10)
TBIL level (μmol/L) 12.80 (10.50, 16.10) 14.00 (11.20,18.00) 12.30 (10.10, 14.90)
Energy intake (kcal/day) 1468.05 (1055.15, 2041.67) 1688.56 (1215.95, 2304.64) 1315.71 (966.03,1855.00)
Dietary Cu level (mg/day) 0.99 (0.65, 1.52) 1.07 (0.74, 1.65) 0.91 (0.59, 1.42)
Plasma Cu level (mg/L) 0.92 (0.80, 1.04) 0.89 (0.77, 0.99) 0.94 (0.83, 1.06)
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Statistical Analysis

Descriptive statistics were calculated for all demographic 
and clinical characteristics of the study population. Continu-
ous variables are expressed as the mean (standard deviation, 
SD) or median (interquartile range, IQR). Categorical vari-
ables are expressed as numbers (percentages). The levels of 

metals were log10 transformed to reduce skew. Spearman 
correlation analysis was used to evaluate the correlations of 
dietary Cu intake and plasma Cu levels with liver function 
biomarkers, and multiple linear regression and multivariate 
restricted cubic splines (RCS) were used to investigate the 
dose‒response relationships between dietary and plasma Cu 
levels and liver function biomarkers. Covariates that might 

Fig. 1  Spearman correlation analysis and scatter plots of 
 log10-transformed trace copper and ln-transformed liver function bio-
markers in 2376 participants. A Both sexes; B men; and C women. 
Below the diagonal are binary scatter plots with fitted lines, and 
above the diagonal are the correlation coefficients and the signifi-

cance level (indicated by asterisks; *** indicate p < 0.001, ** indi-
cate p < 0.01, and * indicates p < 0.05). Abbreviations: ALT, alanine 
transaminase; AST, aspartate transaminase; IBIL, indirect bilirubin; 
DBIL, direct bilirubin; TBIL, total bilirubin; Cu, copper
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affect liver function or Cu levels, including sex, age, ethnic-
ity, years of education, occupation, BMI, smoking, alcohol 
consumption, hypertension, dyslipidemia, type 2 diabetes, 
and total energy intake, were adjusted. The five knots of the 
RCS were located at 5%, 27.5%, 50%, 72.5%, and 95% of 
the range of Cu levels. Demographic characteristics, such 
as sex, influence the distribution of Cu in the body [31]. 
Therefore, we stratified the analysis by sex (male vs. female). 
In addition, alcohol consumption is a major risk factor for 
liver disease; thus, we performed sensitivity analyses on the 
participants who did not drink alcohol to exclude the poten-
tial effects of alcohol consumption on dietary and plasma Cu 
levels. All statistical analyses were performed using SPSS 
22.0 and R 4.0.3, and a two-sided p value < 0.05 was consid-
ered to indicate a statistically significant difference.

Results

Participant Characteristics

Table 1 shows the clinical and sociodemographic char-
acteristics of the 2376 participants (932 males and 1444 

females), 50.51% of whom were aged 60 years or older. 
The majority of the participants were from the Yao popu-
lation, accounting for 74.62% of the total population; the 
subjects with ≤ 6 years of education accounted for 65.11% 
of the total population. The clinical median values (IQR) of 
serum ALT, AST, IBIL, DBIL, and TBIL levels were 17.00 
U/L (14.00–23.00), 21.00 U/L (19.00–25.00), 9.30 µmol/L 
(7.50–11.60), 3.50 µmol/L (2.80–4.60), and 12.80 µmol/L 
(10.50–16.10). There were more nonsmokers than nondrink-
ers among the participants.

Correlations Between Liver Function Biomarkers 
and Cu Levels

The correlations of dietary Cu intake and plasma Cu levels 
with liver function biomarkers were analyzed with Spear-
man’s correlation analysis (Fig. 1). The results showed that 
dietary Cu intake was positively correlated with serum DBIL 
levels (r = 0.051, p < 0.05) and negatively correlated with 
serum AST levels (r =  − 0.048, p < 0.05). Plasma Cu levels 
were negatively correlated with serum IBIL, TBIL, and DBIL 
levels, with correlation coefficients (r) ranging from − 0.15 
to − 0.0096 (all p < 0.001). In the sex-stratified analysis, 

Table 2  Relationship 
between  log10-transformed 
dietary copper levels and 
ln-transformed liver function 
biomarkers

Notes: Model 1 was the crude model. Model 2 was adjusted for age (30–59 years old or ≥ 60 years old), sex 
(male or female), ethnicity (Han, Yao, or other), BMI (< 18.5, 18.5–23.9, or ≥ 24 kg/m2),years of educa-
tion (≤ 6 years or > 6 years), occupation (farmer or other), type 2 diabetes (yes or no), hyperlipidemia (yes 
or no), hypertension (yes or no), smoking (yes or no), alcohol consumption (yes or no), and total energy 
intake (continuous variable)

Model 1 Model 2

β (95% CI) p β (95% CI) p

ALT
 Both sexes 0.05 (− 0.02, 0.12) 0.139  − 0.04 (− 0.15, 0.07) 0.514
  Men 0.07 (− 0.05, 0.19) 0.234  − 0.001 (− 0.21, 0.21) 0.990
  Women  − 0.02 (− 0.10, 0.06) 0.670  − 0.04 (− 0.17, 0.09) 0.520

AST
 Both sexes  − 0.04 (− 0.09, 0.01) 0.081  − 0.12 (− 0.19, − 0.04) 0.002
  Men  − 0.002 (− 0.09, 0.08) 0.966  − 0.12 (− 0.27, 0.04) 0.149
  Women  − 0.11 (− 0.16, − 0.06)  < 0.001  − 0.12 (− 0.21, − 0.04) 0.004

IBIL
 Both sexes 0.01 (− 0.04, 0.07) 0.587  − 0.06 (− 0.15, 0.03) 0.172
  Men 0.07 (− 0.03, 0.17) 0.158  − 0.03 (− 0.21, 0.15) 0.754
  Women  − 0.06 (− 0.12, 0.00) 0.051  − 0.07 (− 0.17, 0.03) 0.161

DBIL
 Both sexes 0.07 (0.01, 0.12) 0.024  − 0.04 (− 0.13, 0.06) 0.436
  Men  − 0.12 (− 0.12, 0.09) 0.780  − 0.11 (− 0.30, 0.07) 0.221
  Women 0.02 (− 0.05, 0.09) 0.533  − 0.01 (− 0.12, 0.09) 0.806

TBIL
 Both sexes 0.03 (− 0.03, 0.08) 0.319  − 0.06 (− 0.14, 0.03) 0.201
  Men 0.04 (− 0.05, 0.14) 0.396  − 0.06 (− 0.23, 0.12) 0.507
  Women  − 0.04 (− 0.10, 0.02) 0.186  − 0.06 (− 0.16, 0.04) 0.263
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plasma Cu levels were positively correlated with serum AST 
levels in males (r = 0.066, p < 0.05). In females, dietary Cu 
intake was negatively correlated with serum AST levels 
(r =  − 0.11, p < 0.001), while plasma Cu levels were positively 
correlated with serum AST levels (r = 0.078, p < 0.01) and 
negatively correlated with bilirubin levels, with correlation 
coefficients (r) ranging from − 0.14 to − 0.083 (all p < 0.01).

Multiple Linear Regression Analysis 
of the Relationships Between Liver Function 
Biomarkers and Dietary Cu Levels

The results of the linear regression analysis of liver function 
biomarkers and dietary Cu levels are shown in Table 2. In 
model 1, which did not adjust for covariates, dietary Cu levels 
were not correlated with ALT, AST, or bilirubin levels in both 
sexes. After adjusting for covariates, dietary Cu levels were sig-
nificantly associated with AST levels in both sexes (β =  − 0.12, 
p < 0.05) but not with serum bilirubin levels. In the sex-stratified 
analysis, dietary Cu intake was associated with AST levels in 
females before adjusting for covariates (β =  − 0.11, p < 0.001), 
and this association persisted after adjusting for covariates 
(β =  − 0.12, p < 0.05).In men, we did not observe an associa-
tion between dietary Cu intake and liver function biomarkers.

Multiple Linear Regression Analysis 
of the Relationships Between Liver Function 
Biomarkers and Plasma Cu Levels

The results of the linear regression analysis of liver 
function biomarkers and plasma Cu levels are shown in 
Table 3. Before adjusting for covariates, plasma Cu lev-
els were significantly associated with ALT (β =  − 0.20), 
IBIL (β =  − 0.41), DBIL (β =  − 0.53), and TBIL levels 
(β =  − 0.44) in all the participants (all p < 0.05). After 
adjusting for covariates, the association of plasma Cu 
levels with bilirubin levels persisted in both sexes, while 
the association of plasma Cu levels with ALT levels dis-
appeared. In the sex-stratified analysis, plasma Cu levels 
were associated with IBIL levels in men (β =  − 0.27) 
and women (β =  − 0.46) (all p < 0.05). In women, DBIL 
(β =  − 0.32) and TBIL (β =  − 0.42) levels were signifi-
cantly associated with plasma Cu levels (all p < 0.05).

Dose‒Response Relationships Between Liver 
Function Biomarkers and Dietary Cu Intake

Dose‒response relationships between liver function bio-
markers and dietary Cu intake were analyzed using an RCS 

Table 3  Relationship 
between  log10-transformed 
plasma copper levels and 
ln-transformed liver function 
biomarkers

Model 1 was the crude model. Model 2 was adjusted for age (30–59  years old or ≥ 60  years old), sex 
(male or female), ethnicity (Han, Yao, or other), BMI (< 18.5, 18.5–23.9, or ≥ 24 kg/m2),years of educa-
tion (≤ 6 years or > 6 years), occupation (farmer or other), type 2 diabetes (yes or no), hyperlipidemia (yes 
or no), hypertension (yes or no), smoking (yes or no), alcohol consumption (yes or no), and total energy 
intake (continuous variable)

Model 1 Model 2

β (95% CI) p β (95% CI) p

ALT
 Both sexes  − 0.20 (− 0.39, − 0.01) 0.043  − 0.13 (− 0.32, 0.06) 0.181
 Men  − 0.25 (− 0.55, 0.04) 0.091  − 0.19 (− 0.48, 0.10) 0.204
 Women 0.078 (− 0.17, 0.33) 0.539  − 0.05 (− 0.30, 0.20) 0.723

AST
 Both sexes 0.09 (− 0.04, 0.22) 0.179 0.04 (− 0.09, 0.17) 0.519
 Men 0.21 (− 0.01, 0.42) 0.061 0.02 (− 0.20, 0.24) 0.857
 Women 0.17 (0.02, 0.33) 0.032 0.05 (− 0.11, 0.21) 0.534

IBIL
 Both sexes  − 0.41 (− 0.56, − 0.26)  < 0.001  − 0.37 (− 0.52, − 0.22)  < 0.001
 Men  − 0.24 (− 0.48, 0.001) 0.051  − 0.27 (− 0.52, − 0.02) 0.032
 Women  − 0.39 (− 0.58, − 0.20)  < 0.001  − 0.46 (− 0.65, − 0.27)  < 0.001

DBIL
 Both sexes  − 0.53 (− 0.69, − 0.36)  < 0.001  − 0.22 (− 0.37, − 0.06) 0.007
 Men  − 0.16 (− 0.42, 0.10) 0.231  − 0.13 (− 0.38, 0.13) 0.323
 Women  − 0.49 (− 0.70, − 0.29)  < 0.001  − 0.32 (− 0.52, − 0.12) 0.002

TBIL
 Both sexes  − 0.44 (− 0.58, − 0.29)  < 0.001  − 0.32 (− 0.47, − 0.17)  < 0.001
 Men  − 0.20 (− 0.44, 0.03) 0.091  − 0.22 (− 0.46, 0.02) 0.075
 Women  − 0.41 (− 0.60, − 0.23)  < 0.001  − 0.42 (− 0.61, − 0.23)  < 0.001



3274 Y. Wei et al.

1 3

(Fig. 2). In Fig. 2, we present only the plots in which the 
results were significant. We found a negative linear relation-
ship between dietary Cu intake and serum AST levels in both 
sexes (all Poverall association < 0.05, all Pnonlinear association > 0.05) 
(Fig. 2A), with consistent results observed in women (all 
Poverall association < 0.05, all Pnonlinear association > 0.05) (Fig. 2F). 
In men, there was a nonlinear relationship between dietary 
Cu intake and serum AST, IBIL, DBIL, and TBIL levels 
(all Poverall association < 0.05, all Pnonlinear association < 0.05) 
(Fig.  2B–E). However, we did not find a relationship 
between dietary Cu intake and serum ALT levels.

Sensitivity Analysis

We excluded 813 participants who consumed alcohol for the 
sensitivity analysis. After adjusting for covariates, the results 
showed a negative association between dietary Cu intake and 
serum AST levels in both sexes (β =  − 0.09) and in women 
(β =  − 0.11) (all p < 0.05). The negative linear relationships 

of plasma Cu levels and serum IBIL (β =  − 0.32), DBIL 
(β =  − 0.19), and TBIL (β =  − 0.28) levels persisted in both 
sexes (all p < 0.05) and in women after adjustment for covar-
iates, as shown in Table 4.

Discussion

The variability in dietary Cu intake and plasma Cu levels in 
the study population was minimal, and the plasma Cu con-
centrations found were close to those reported by Yang et al. 
[13] in rural residents of Southwest China (910.00 μg/L). 
Furthermore, the daily dietary Cu intake of both men and 
women was broadly in line with the intake recommended 
by the US Food and Nutrition Board (recommended daily 
intake [RDI]: 0.9 mg/day) [32], indicating adequate Cu 
intake in the population. We observed negative correlations 
between plasma Cu levels and serum bilirubin levels as well 
as between dietary Cu levels and serum AST levels after 
adjusting for covariates. The RCS analysis further indicated 

Fig. 2  Dose‒response relationship between  log10-transformed die-
tary copper intake and liver function biomarkers. The solid and dot-
ted lines represent the fitting curves and 95% confidence intervals, 
respectively. Adjusted for age (30–59 years old or ≥ 60 years old), sex 
(male or female), ethnicity (Han, Yao, or other), BMI (< 18.5, 18.5–
23.9, or ≥ 24 kg/m2),years of education (≤ 6 years or > 6 years), occu-

pation (farmer or other), type 2 diabetes (yes or no), hyperlipidemia 
(yes or no), hypertension (yes or no), smoking (yes or no), alcohol 
consumption (yes or no), and total energy intake (continuous vari-
able). A Both sexes; B–E men; and C women. Abbreviations: TBIL, 
total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin; AST, 
aspartate aminotransferase
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a negative linear relationship between dietary Cu levels and 
serum AST levels. These findings have important public 
health implications for the identification of risk factors for 
liver injury.

Cu is an antioxidant [33] and plays a role in antioxidant 
defense, lipid peroxidation, and mitochondrial function [34]. 
In this study, dietary Cu intake was negatively associated 
with AST levels, and plasma Cu levels were negatively asso-
ciated with serum bilirubin levels. In a prior health cohort 
study of workers exposed to manganese, a 1-SD increase in 
plasma Cu levels produced a 3.2% reduction in TBIL levels 
[15]. Similarly, plasma Cu levels were negatively correlated 
with serum bilirubin levels in a cross-sectional study [35]. 
Animal experiments have shown that Cu decreases blood 
levels of AST and ALT and enhances the healing of dam-
aged hepatic tissue [36]. These findings are consistent with 
our current findings. Several studies have indicated that 
mitochondrial autophagy and apoptosis play a vital role in 
maintaining normal physiological function in the liver. Nor-
mal hepatic function depends on mitophagy. In addition, 
hepatic apoptosis eliminates infected hepatocytes, serving 
a protective function [37].Appropriate doses of the Cu sup-
plement tribasic copper chloride (TBCC) promoted hepatic 
antioxidant activity and induced mitochondrial autophagy, 
maintaining intracellular homeostasis in the liver [21]; there-
fore, moderate dietary Cu intake may promote hepatic anti-
oxidant activity and induce mitochondrial autophagy, under-
lying the decrease in AST levels observed in the present 
study. On the other hand, oxidative stress reflects an imbal-
ance between the production of reactive oxygen species 
(ROS) and the scavenging capacity of the antioxidant system 
[38]. At high concentrations, ROS cause oxidative damage 
to cellular macromolecules (DNA, lipids, proteins, etc.), 
and the  accumulation of damaged macromolecules induces 
liver injury [39, 40].Cu is also a cofactor for many anti-
oxidant enzymes, which are important for the maintenance 
of normal metabolism [41]. Cu deficiency can thus directly 
or indirectly lead to oxidative damage to DNA, lipids, and 
proteins, mainly due to an increase in ROS formation and 
a reduction in the activity of several Cu-dependent antioxi-
dant enzymes, i.e., superoxide dismutase (SOD) and ceru-
loplasmin (Cp) [42–44]. Copper-zinc-dependent superoxide 
dismutase (SOD1) is an important defense against oxidative 
stress [45]. Cu can be delivered to the radical-detoxifying 
enzyme SOD1 by the Cu chaperone of superoxide dismutase 
(CCS) to reduce ROS levels and thus protect liver function 
[46]. In addition, Cu is carried in the plasma by Cp, which 
assists in the maintenance of hepatocyte homeostasis [47, 
48]. Cp is a major plasma antioxidant and also acts as a 
ferroxidase; deficiencies of Cp lead to iron overload, which 
further increases ROS production by the mitochondrial 
respiratory chain, leading to hepatic oxidative damage [49, 
50]. Therefore, in the present study population, we assumed 

that moderate Cu intake protected liver function through the 
antioxidant effects of Cp as well as its ferroxidase activity. 
However, a cross-sectional study by Yang et al. [13] found 
that blood Cu levels were positively correlated with ALT and 
AST levels. Therefore, the relationships between Cu levels 
and biomarkers of liver function still need further elucida-
tion in prospective studies with large sample sizes.

Previous studies have shown that age, sex, BMI, and life-
style factors are associated with biomarkers of liver function 
and heavy metal concentrations [51–54]. After adjusting for 
confounding factors, our study found negative associations of 
dietary Cu intake and plasma Cu levels in women with serum 
AST and bilirubin levels. Previous studies have shown that 
serum Cu levels are influenced by estrogen, which increases 
intracellular Cu concentrations and affects systemic and cel-
lular responses to Cu [54, 55]. Serum Cu levels were higher in 
females than in males in our study; therefore, the influence of 
estrogen on Cu levels may provide a plausible explanation for 
this sex difference. More experimental and epidemiological 
evidence is needed to verify this relationship.

The main strength of the present study was that it demon-
strated the effect of Cu exposure on serum levels of liver func-
tion biomarkers in terms of both dietary Cu intake and blood 
Cu levels. Second, we used RCS to investigate the dose‒
response relationship between dietary Cu levels and serum 
levels of liver function biomarkers. Our current study also has 
some limitations. First, this cross-sectional study was unable 
to determine a causal relationship of Cu intake and plasma Cu 
levels with liver function biomarkers. Second, the biomark-
ers in our research included only serum bilirubin, AST, and 
ALT levels. Future studies should include more biomarkers 
of liver function, such as alkaline phosphatase, serum total 
protein, serum albumin, and serum globulin. Third, the effects 
of other nonpersistent and persistent environmental pollutants 
on liver injury were not considered. Further studies are needed 
to determine the relationships among Cu intake, plasma Cu 
levels, and markers of liver function, as well as the mecha-
nisms underlying this relationship.

Conclusions

Plasma Cu levels were negatively associated with serum 
bilirubin levels, and dietary Cu levels were negatively 
associated with serum AST levels; these associations were 
sex specific. Further studies are needed to validate these 
associations and elucidate the underlying mechanisms.
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